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PEG-trimethyl chitosan†
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Manipulation of gene expression by means of microRNAs (miRNAs) is one of the emerging strategies to

treat cardiovascular and cancer diseases. Nevertheless, efficient delivery of miRNAs to a specific vascular

tissue is limited. In this work, a short peptide Arg-Glu-Asp-Val (REDV) was linked to trimethyl chitosan

(TMC) via a bifunctional poly(ethylene glycol) (PEG) linker for the targeted delivery of microRNA-126

(miRNA-126) to vascular endothelial cells (VECs). The morphology, serum stability and cytotoxicity of the

polyplex/miRNA complexes, namely, TMC/miRNA, TMC-g-PEG/miRNA and TMC-g-PEG-REDV/miRNA,

were investigated along with the cellular uptake, proliferation and in vitro miRNA transfection efficiency.

By REDV modification, the TMC-g-PEG-REDV/miRNA complex showed negligible cytotoxicity, increased

expression of miRNA-126 and enhanced VEC proliferation compared with the TMC/miRNA and TMC-

g-PEG/miRNA complexes. In particular, the approaches adopted for the miRNA delivery and targeted

peptide REDV modification promote the selective uptake and the growth of VECs over vascular smooth

muscle cells. It was suggested that the REDV peptide-modified TMC-g-PEG polyplex could be potentially

used as a miRNA carrier in artificial blood vessels for rapid endothelialization.

Introduction

RNA interference presents the therapeutic potential to treat
cancer, cardiovascular and other pathologies whose etiology is
related to aberrant gene expression.1–6 MicroRNAs (miRNAs)
are endogenously expressed small non-coding RNAs (18–25
nucleotides) that can function as post-transcriptional regula-
tors for gene expression.1,2 miRNAs have attracted much inter-
est because they are conserved across almost all animal
species, thereby emphasizing their evolutionary importance as
modulators of critical pathways and processes.3–6 In the field
of vascular biology, miRNA-126 is one of the most important
miRNAs that manipulates vascular integrity and angiogenesis
via regulation of the signaling for angiogenic growth factors.7–9

Angiogenic growth factors, such as the vascular endothelial
growth factor (VEGF) and fibroblast growth factor (FGF), can

modulate adhesion, proliferation and migration of vascular
endothelial cells (VECs) by activating the MAP kinase pathway,
which culminates in the nucleus to enhance the expression of
genes required for angiogenesis and vascular integrity.7 It was
reported that miRNA-126 regulated the response of VECs to
angiogenic growth factors.7,8 In the absence of miRNA-126,
increased expression of SPRED1 and PIK3R2 diminishes the
transmission of intracellular angiogenic signals by VEGF and
FGF.8 Therefore, investigation of the miRNA-126 function
allowed us to know that miRNA-126 can be used as a
VEC-specific regulator of angiogenic signaling.

VECs initially differentiate from angioblastic precursors
and then proliferate and migrate to form the primitive vascular
plexus through the process of vasculogenesis.8 VECs play
essential roles in the maintenance of vascular integrity, angio-
genesis, and wound repair. Previous studies have demon-
strated that the injury-induced migration of VECs and the
delayed re-endothelialization as well as the proliferation of vas-
cular smooth muscle cells (VSMCs) are the major pathophysio-
logical events that lead to neointima formation.10–13 And, the
vessel endothelium is of vital importance in maintaining the
vessel integrity by inhibiting thrombosis and hyperplasia.
Many studies focused on improving the rapid endothelializa-
tion by means of bioactive molecules immobilization,10–12 and
it was also noted that VECs would be rivals of other cell types
in vivo.14 Therefore, it is necessary to make efforts to specifi-

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c5bm00629e
‡These authors contributed equally to this work.

aSchool of Materials Science and Engineering, and Tianjin Key Laboratory of

Composite and Functional Materials, Tianjin University, Tianjin 300072, China.

E-mail: yuanxy@tju.edu.cn, xyuan28@yahoo.com
bKey Laboratory for Biomechanics and Mechanobiology of Ministry of Education,

School of Biological Science and Medical Engineering, Beihang University, Beijing

100083, China. E-mail: yubofan@buaa.edu.cn
cNational Research Center for Rehabilitation Technical Aids, Beijing 100176, China

This journal is © The Royal Society of Chemistry 2016 Biomater. Sci., 2016, 4, 849–856 | 849

Pu
bl

is
he

d 
on

 0
8 

A
pr

il 
20

16
. D

ow
nl

oa
de

d 
by

 N
or

th
ea

st
er

n 
U

ni
ve

rs
ity

, C
hi

na
 o

n 
03

/0
6/

20
16

 0
4:

50
:3

5.
 

View Article Online
View Journal  | View Issue

www.sp
m.co

m.cn

www.rsc.org/biomaterialsscience
http://crossmark.crossref.org/dialog/?doi=10.1039/c5bm00629e&domain=pdf&date_stamp=2016-04-21
http://dx.doi.org/10.1039/c5bm00629e
http://pubs.rsc.org/en/journals/journal/BM
http://pubs.rsc.org/en/journals/journal/BM?issueid=BM004005


cally enhance VEC growth considering the cell competition.
Ji’s group has demonstrated that the competitive growth of
human umbilical vein endothelial cells over human aortic
smooth muscle cells could be increased via the specific recog-
nition of the short peptide Arg-Glu-Asp-Val (REDV) on the car-
diovascular stent.14 The REDV peptide is a VEC-specific ligand
that mediates the adhesion and migration of VECs via the
integrin α4β1 subunit, instead of allowing the adhesion of
VSMCs and platelets.15,16

It is hypothesized that RNA interference and specific
peptide-mediated therapies are effective strategies to promote
endothelialization.17 Then, it is essential to develop an ideal
system for the delivery of miRNA that confers physical stability
to the unstable RNA structure, protects the RNA from nuclease
degradation and aids in effective silencing of target genes. As
principal nonviral vehicles, cationic polymers have been widely
investigated in recent years.4 Trimethyl chitosan (TMC) has
been developed in vitro and in vivo for the delivery of RNA and
DNA because of its cationic charge, biodegradability and bio-
compatibility, as well as the permeability-enhancing
properties.18–20 And, it was reported that the pH dependency
of the chitosan complexation has been significantly reduced
with high efficiency in inducing gene silencing.19

Poly(ethylene glycol) (PEG) could strongly decrease cytotoxic
effects and further increase the solubility and colloidal stabi-
lity of TMC, resulting in an increased polyplex uptake of the
complexation.21–25 The modified delivery vehicles by a peptide
derived from the rabies virus glycoprotein via a PEG linker not
only increase the spatial freedom of the peptide molecules and
efficient binding but also help increase the biocompatibility,
serum stability, and systemic circulation time of the com-
plexes.23 Zhang et al. also found that PEG conjugated N-(2-
hydroxy)propyl-3-trimethyl ammonium chitosan chloride with
9% PEGylation degree had good transfection efficiency about
5.3-fold higher than a quaternized chitosan.25

For actual application, it is very important to construct
active RNA carriers which can be taken up specifically by VECs
to enhance endothelialization. Feng’s group has made
attempts.17,26 In this work, the targeting REDV peptide-modi-
fied TMC was prepared through a bifunctional PEG for the tar-
geted delivery of miRNA-126 to VECs. Three polyplexes, i.e.,
TMC, TMC-g-PEG and TMC-g-PEG-REDV were condensed with
miRNA-126 to generate polyplex/miRNA-126 complexes. The
complexes were systematically characterized, and the VEC-
targeting ability, cellular proliferation and miRNA transfection
efficiency were evaluated. It was hypothesized that the pre-
pared cationic complexes self-assembled from TMC-
g-PEG-REDV could target delivery of miRNA-126 to VECs owing
to the active target REDV ligands on the surface.

Experimental methods
Materials

Chitosan (molecular weight ∼50 kDa, deacetylation degree 95%)
was purchased from Haidebei Marine Bioengineering Co., Ltd

(Jinan, China). Methoxy-poly(ethylene glycol)-succinimidyl
carboxy methyl ester (mPEG-SCM, 5 kDa) and ω-2-pyridyldithio
polyethylene glycol α-succinimidylester (OPSS-PEG-SCM, 5 kDa)
were purchased from Jenkem Technology Co., Ltd, China.
Methyl iodide was obtained by Xiya reagent, China. The REDV-
Cys peptide sequence (Arg-Glu-Asp-Val-Cys) was purchased from
Shanghai Science Peptide Biological Technology Co., Ltd,
China. miRNA-126 mimics (sense 5′-UCG UAC CGU GAG UAA
UAA UGC G-3′, antisense 5′-CAU UAU UAC UCA CGG UAC GAU
U-3′), negative control miRNA, carboxyfluorescein-labeled
miRNA (FAM-miRNA), RNA purification kit and hairpin-it™
miRNAs qPCR quantitation kit were supplied by Gene Pharma
Co., Ltd, China. Fetal bovine serum (FBS), M199 and DMEM
were supplied by Gibco, USA. Cell counting kit-8 (CCK-8) was
purchased from Dojindo, Japan. Heparin sodium salt (159 units
per mg) was obtained from Shanghai Chemical Reagent, China.
Phosphate buffer saline (PBS) solution (pH 7.4, 0.1 M), Tris-
acetate-EDTA (TAE) buffer and N-methyl-2-pyrrolidone were as
provided by Tianjin Runtai Technology Ltd, China.

Synthesis of TMC

TMC was synthesized by reductive methylation of chitosan
with methyl iodide according to the literature.27 In brief, chito-
san (1 g) and sodium iodide (2.4 g) were added to a mixture of
15% (w/v) aqueous NaOH solution (5.6 mL) and N-methyl-2-
pyrrolidone (40 mL). The mixture was then heated to 60 °C.
Methyl iodide (6 mL) was added, and the mixture was refluxed
for 45 min. Then, additional methyl iodide (3 mL) and 15%
(w/v) aqueous NaOH solution (5.6 mL) were added to the
mixture while stirring was continued for another 45 min at
60 °C. The product was precipitated with ethanol and isolated
by centrifugation. After washing with diethyl ether, the final
product was dissolved in 10% (w/v) aqueous NaCl solution
(40 mL) and stirred for 3 h for ion-exchange. The obtained
solution was dialyzed (MWCO 10 kDa) against deionized water
and then lyophilized to obtain TMC.

Synthesis of TMC-g-PEG and TMC-g-PEG-REDV

TMC (10 mg) was reacted with a bifunctional PEG (ω-2-pyridyl-
dithio polyethylene glycol α-succinimidylester, OPSS-PEG-SCM)
(30 mg) in distilled water for 6 h at room temperature, allowing
the primary amino groups on TMC to react specifically with
the SCM group of the heterobifunctional PEG (Fig. 1). The
obtained solution was dialyzed (MWCO 10 kDa) against de-
ionized water and then lyophilized to obtain TMC-g-PEG-OPSS.
Then, the obtained TMC-g-PEG-OPSS reacted with REDV-Cys
in distilled water for 2 h at room temperature to link the REDV
peptide by means of a specific reaction between the OPSS
group in TMC-g-PEG-OPSS and the thiol group in the
REDV-Cys peptide. The TMC-g-PEG polyplex was prepared in
the same way except that the bifunctional PEG
(OPSS-PEG-SCM) was replaced by mPEG-SCM.

1H nuclear magnetic resonance (1H NMR)
1H NMR spectra of the polymers were recorded on a Varian
spectrometer (INOVA 500 MHz and Infinity plus 300WB, USA)
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in D2O as the solvent at room temperature. The degree of qua-
ternization (DQ) of TMC was calculated using eqn (1) as
described in ref. 27.

DQ ð%Þ ¼ ½ðCH3Þ3�
9½H� � 100 ð1Þ

where, [(CH3)3] is the integral of the trimethyl amino group
peak at 3.3 ppm, and [H] is the integral of the 1H peaks from
4.7 to 5.7 ppm from 1H NMR.

The number of PEG chains as a percentage of the total
nitrogen number per TMC-g-PEG molecule (graft ratio, GR)
was calculated using eqn (2):

GR ð%Þ ¼ ½PEG�
438½H� � 100 ð2Þ

where, [PEG] is the integral of the proton peak of the PEG
block at 3.65 ppm (–OCH2–). The number of protons per PEG
chain is 438 according to the molecular mass of mPEG-SCM
given by the supplier. [H] is the integral intensity from 4.7 to
5.7 ppm in 1H NMR.

Preparation of polyplex/miRNA complexes

The polyplex/miRNA complexes were formed by the electro-
static interaction of the cationic polymer TMC, TMC-g-PEG
and TMC-g-PEG-REDV (abbreviated as T, TP and TPR) with
negatively charged miRNA at a suitable N/P molar ratio. The
polyplex/miRNA complexes at various N/P molar ratios were
formulated by adding the polyplexes (10 mg mL−1) to a certain
volume of a defined miRNA solution. Then the mixtures were
incubated at room temperature for 30 min to allow complex
formation completely. TMC/miRNA, TMC-g-PEG/miRNA and
TMC-g-PEG-REDV/miRNA complexes were designated as
T–miRNA, TP–miRNA and TPR–miRNA, respectively.

Gel retardation assay

The polyplex/miRNA complexes at different N/P molar ratios
were prepared freshly as described above. The complex solu-
tion (9 μL) was mixed with a miRNA loaded buffer, and
added into 2% agarose gel containing ethidium bromide
(0.5 mg mL−1). The electrophoresis experiment was performed

for 20 min in 1× TAE buffer at 100 V, and the image was cap-
tured through BioImaging Systems (UVP, LLC, Germany).

Size and zeta potential measurements

The sizes and zeta potentials of polyplex/miRNA complexes
were measured by dynamic light scattering (DLS) using a Zeta-
sizer Nano ZS 90 (Malvern Instruments, Ltd, UK). Complex
solutions containing 5 μg mL−1 miRNA were prepared at N/P
ratios of 6, 12, 24 and 48. The size (by intensity, z-average
radii) and zeta potentials were presented as the mean values of
three measurements ± SD (standard deviation).

Transmission electron microscopy (TEM)

The polyplex/miRNA complexes at N/P = 12 were viewed under
a JEM-100CX II transmission electron microscope (Jeol, Japan)
after negatively stained with 1.5 wt% phosphotungstic acid.

Atomic force microscopy (AFM)

The morphology of polyplex/miRNA complexes at N/P = 12 was
investigated by AFM (CSPM5500A, Being Nano-Instruments,
Ltd, China) in a tapping mode, with samples prepared by spin-
coating sample solutions onto freshly cleaved silicon wafers at
1000 rpm. The samples were imaged at 3 μm × 3 μm magnifi-
cation using a nanosensor silicon tip.

miRNA serum stability

The serum stability of miRNA in TPR was characterized by gel
electrophoresis. Naked miRNA and TPR–miRNA (TMC-g-
PEG-REDV/miRNA) were incubated in PBS containing 50%
FBS at 37 °C. At each predetermined time point (0, 6, 12, 24,
48, and 72 h), 30 μL of each sample was collected and stored at
−20 °C until gel electrophoresis was performed. To displace
miRNA from TPR, 2 μL of heparin (500 U mL−1) was added to
each sample and then the integrity of the miRNA was exam-
ined by gel electrophoresis.31

Cytotoxicity

All experiments were conducted in compliance with Provisions
and General Recommendation of Chinese Experimental
Animals Administration Legislation, and were approved by
Beijing Municipal Science & Technology Commission.

Human umbilical vein endothelial cells (HUVECs, primary
culture) were treated with polyplex/miRNA complexes (N/P =
12) at concentrations ranging from 25 μg mL−1 to 200 μg mL−1

in 96-well plates and cultured in M199 or DMEM in the pres-
ence of 10% FBS under a 5% CO2 atmosphere and at 37 °C.
The 500 mL medium was refreshed every 2 days. The prolifer-
ation values were examined by the MTT assay (n = 5). The IC50

values, which represented the concentration of the complexes
resulting in 50% inhibition of cell growth, were also calculated.

Cellular uptake of miRNA loaded complexes

To determine the cellular uptake and specificity of miRNA
delivery, VECs and VSMCs (primary culture from Sprague-
Dawley rat aorta, passage 3–5) were seeded in 48-well plates at
a density of 1 × 104 cells per well and incubated overnight.

Fig. 1 Synthesis of TMC-g-PEG and TMC-g-PEG-REDV.
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T–miRNA, TP–miRNA and TPR–miRNA were complexed with
FAM-miRNA and mixed in the cell culture medium at final
miRNA concentrations of 240 nM. The cells were incubated with
the samples for 4 h before being washed twice with PBS and sub-
sequently incubated in complete culture medium for 16 h. The
mean fluorescence intensity (MFI) was analyzed by flow cyto-
metry (FCM) using a FACS flow cytometer (BD FACSCalibur).23

The cellular uptake of TPR–miRNA was further investigated
by confocal laser scanning microscopy (CLSM, Leica TCS SPE).
VECs were seeded on glass coverslips in 6-well plates and incu-
bated overnight. Then, the cells were treated with TPR–miRNA
at a miRNA concentration of 240 nM (approximately equal to
50 μg mL−1 of TPR–miRNA complexes in cell viability test) and
then incubated for 4 h. Subsequently, the cells were washed
three times with PBS, fixed using 4% paraformaldehyde in PBS
and stained with 4′6-diamidino-2-phenylindole (DAPI). Fluo-
rescence images were acquired using CLSM. For DAPI
imaging, the employed excitation wavelength was 405 nm and
the emission wavelength was 461 nm. For FAM-miRNA
imaging, the employed excitation wavelength was 488 nm and
the emission wavelength was 520 nm.

Transfection and cell proliferation assays

To measure the miRNA transfection efficiency, VECs were
seeded in 48-well plates at a density of 1 × 104 cells per well
and incubated overnight. T–miRNA, TP–miRNA and TPR–
miRNA were complexed with miRNA-126, respectively and
added in the cell culture medium at a final miRNA concen-
tration of 120 nM. The 500 mL medium was refreshed every
2 days. Transfection efficiencies of miRNA-126 were quantified
after 3, 6 and 9 days by qRT-PCR (Bio-Rad iQ5, USA) using the
RNA purification kit and the hairpin-it™ miRNAs qPCR quan-
titation kit. The proliferation values were examined by the
CCK-8 assay after cell culture for 3, 6 and 9 days, respectively.28

Statistical analysis

The data were represented as mean ± SD for at least three sep-
arate measurements and compared by using one-way ANOVA
tests. A P-value less than 0.05 was considered as statistically
significant differences between the pairs.

Results and discussion
Characterization of the polyplexes

To improve miRNA transfection efficiency and cell compe-
tition, a targeting peptide REDV is introduced in the miRNA
delivery system. To improve the solubility and the miRNA com-
plexing ability of chitosan, TMC, TMC-g-PEG and TMC-g-
PEG-REDV were prepared. The quaternization degree of TMCs
plays an important role in opening the tight junctions, and a
higher degree of substitution would enhance permeation.20,21

Therefore, TMCs with a substitution degree of 38.0% were pre-
pared, and Fig. 2 illustrates the 1H NMR spectra of TMC, TMC-
g-PEG, TMC-g-PEG-OPSS and TMC-g-PEG-REDV, respectively.
TMC showed signals at 2.5 (–N(CH3)2) and 3.3 (–N+(CH3)3)

ppm. A signal at 3.8 ppm for PEG (–CH2–O–) also appeared for
TMC-g-PEG, TMC-g-PEG-OPSS and TMC-g-PEG-REDV. The esti-
mated graft ratio of PEG was about 18.8% according to the 1H
NMR spectra. The cysteine residue at the end of the REDV
peptide was used to specifically react with the OPSS groups of
TMC-g-PEG-OPSS to obtain TMC-g-PEG-REDV.29

As shown in Fig. 2, a characteristic signal of the OPSS group
at 7.1–8.3 ppm appeared for TMC-g-PEG-OPSS. Furthermore,
the signal of the OPSS group disappeared completely in the 1H
NMR spectrum of TMC-g-PEG-REDV, suggesting that all the
OPSS groups had almost reacted with the thiol groups in the
REDV-Cys peptide. The polyplex/miRNA complexes at varied
N/P molar ratios were formulated by the electrostatic inter-
action. The results of characterization of polyplex/miRNA com-
plexes are collected in Table 1.

Gel retardation assay

The condensation ability of miRNA by polyplexes is an impor-
tant prerequisite for efficient RNA delivery. In the gel retar-
dation assay, T, TP and TPR polyplexes could effectively
compact miRNAs, respectively, into relatively stable complexes
at N/P molar ratios equal to or greater than 6, 12 and 12 (ESI,
Fig. S1†). Polyplex/miRNA complexes were formed by the
electrostatic interaction between the cationic polymer and

Fig. 2 1H NMR spectra of TMC, TMC-g-PEG, TMC-g-PEG-OPSS and
TMC-g-PEG-REDV in D2O.

Table 1 Characterization of polyplex/miRNA complexes

Sample N/P ratio Vpolyplex/VRNA

Modified chitosan

DQa (%) GRb (%)

T–miRNA 12 3/7 38.0 0
TP–miRNA 12 8/9 38.0 18.8
TPR–miRNA 12 1/1 38.0 18.8

a The degree of quaternization of TMC, determined by 1H NMR. b The
grafting ratio of PEG on TMC, determined by 1H NMR.
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negatively charged miRNA. The difference in the binding
capacity of polyplexes might result from the linkage of PEG.
The linked PEG might produce some steric hindrance and
electrostatic shielding or even be buried into the formed com-
plexes.23 In order to ensure the stability of polyplex/miRNA
complexes, the N/P molar ratio of 12 was selected preferen-
tially in the following study.

Size and zeta potential of the polyplex/miRNA complexes

The size and zeta potential of the polyplex/miRNA complexes
with N/P molar ratios ranging from 6 to 48 were analyzed by
DLS and are given in Table 2. As shown in Table 2, the average
size of T–miRNA decreased with the reduction of the N/P
molar ratio, and size distributions from 342.1 ± 8.0 nm to
163.0 ± 5.0 nm were observed. However, the average size of TP–
miRNA decreased as the N/P molar ratio increased. The size
distributions from 157.8 ± 9.0 nm to 103.9 ± 1.7 nm were
detected. The sizes of TPR–miRNA complexes were similar to
those of the TP–miRNA complexes. The reason could be the
steric repulsion effect and the hydration of the hydrophilic
PEG chains on the surface, which improved the stability of the
complexes. The sizes of the TP–miRNA and TPR–miRNA com-
plexes decreased with the increase of N/P molar ratios because
at higher N/P molar ratios the net electrostatic repulsive force
could prevent complex aggregation and further stabilize nano-
particles.25,30 The increasing size of T–miRNA with the rising
N/P molar ratio might be partly due to the very high number
of positive charges on the complexes. More specifically, at a
higher N/P molar ratio, more positively charged molecules of
the excess TMC polyplex that did not bind miRNA could aggre-
gate and stretchout due to electrostatic repulsion, resulting in
a larger hydrodynamic size. This also corresponded to the
result that the zeta potential decreased with the decreasing
N/P molar ratio. Similar results were reported by Gao23 and
Katas.31 The zeta potential of the complexes increased with the
N/P molar ratio (Table 2). Besides, the zeta potentials of TP–
miRNA and TPR–miRNA were lower than those of T–miRNA
complexes, which could be attributed to the stronger shielding
effect of PEG chains on the surface of the complexes.25,32

Morphology of the polyplex/miRNA complexes

An appropriate morphology and size of polyplex/miRNA com-
plexes are crucial for efficient cell uptake and gene transfec-
tion. The morphology of T–miRNA, TP–miRNA and TPR–
miRNA complexes was observed by TEM. As shown in TEM

micrographs (Fig. 3), the polyplex/miRNA nanoparticles exhibi-
ted compact spherical shapes with narrow distribution. The
average diameters of the T–miRNA, TP–miRNA and TPR–
miRNA complexes were about 79 ± 5.6 nm, 52 ± 2.9 nm and 53
± 3.2 nm, respectively. TPR–miRNA had a smaller diameter than
T–miRNA, consistent with the relative size measured by DLS as
shown in Table 2. In AFM topography images, the diameters of
the complexes were about 94 ± 6.6 nm, 54 ± 2.7 nm and 55 ±
2.5 nm, respectively (ESI, Fig. S2†). Notably, the sizes of TP–
miRNA and TPR–miRNA determined by TEM and AFM were
smaller than that observed from the DLS measurements. The
size of the complex nanoparticles obtained from the DLS
measurements reflected the hydrodynamic size, whereas the
results observed by TEM and AFM showed the size of the dried
state.23 Therefore, reduced sizes were observed by TEM and AFM
since the hydration shell of the complexes had been removed.

Serum stability

The miRNA protection effect of the TPR polyplex was moni-
tored by 50% serum stability assay with intact miRNA as a
positive control. The degradation of the miRNA recovered from
TPR–miRNA complexes started after 24 h but complete degra-
dation was not observed even after 72 h (ESI, Fig. S3†). These
electrophoretic results revealed that the TPR complex could
effectively protect miRNA from degradation by serum in order
to transfect miRNA inside the cells.

Cytotoxicity

Quaternization of chitosan improved both the solubility and
miRNA-binding efficiency, however, it also brought about cyto-
toxicity.19,22 As low toxicity is an essential function for the
gene delivery system, the cytotoxicity of the complexes with
miRNA was investigated by the MTT assay after 24 h of incu-
bation. As shown in Fig. 4, the cell viability was seen to
decrease with the increase of concentrations of all samples.
The complexes of TPR–miRNA and TP–miRNA revealed higher

Table 2 Size and zeta potential of the complexes at different N/P molar ratios

N/P ratio

Particle size (nm) Zeta potential (mV)

T–miRNA TP-miRNA TPR–miRNA T–miRNA TP–miRNA TPR–miRNA

6 163.0 ± 5.0 157.8 ± 9.0 180.7 ± 11.2 0.5 ± 0.1 0.2 ± 0.2 0.3 ± 0.5
12 174.3 ± 2.0 98.6 ± 2.1 130.2 ± 6.9 8.0 ± 0.3 6.5 ± 0.6 7.0 ± 0.6
24 190.4 ± 3.0 125.6 ± 2.0 110.0 ± 7.6 23.0 ± 1.0 20.0 ± 2.0 20.5 ± 2.0
48 342.1 ± 8.0 103.9 ± 1.7 114.9 ± 1.8 34.0 ± 0.6 27.0 ± 2.1 28.0 ± 3.1

Fig. 3 TEM micrographs of T–miRNA (a), TP–miRNA (b), and TPR–
miRNA (c) complexes at N/P = 12. Bars represent 100 nm.
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cell viabilities than T–miRNA at the same concentration. PEGy-
lation of the TMC could contribute to the decrease of toxicity
of the vehicles. The PEG linker was shown to significantly
decrease cytotoxic effects and further increase the solubility
and colloidal stability of TMC due to the steric repulsion effect
and the hydration of PEG chains. The introduced PEG chains
enhanced biocompatibility which was also reported by Mao
et al.21 After a 24 h incubation, TPR exhibited a high IC50 value
of 411 μg mL−1 and high cell viabilities from which it could be
confirmed that TPR–miRNA had negligible toxicity and TPR
could be used as a suitable miRNA delivery carrier.

Cellular uptake

Although many studies have focused on improving the rapid
endothelialization through the immobilization of bioactive
molecules,10–12 it should be noted that the VECs will compete
with VSMCs in vivo. The REDV peptide is a VEC-specific ligand
that mediates adsorption and migration of VECs via the integrin
α4β1 subunit.16 It is expected to increase the VEC uptake of the
complexes by using REDV as a target-specific ligand. To confirm
the cellular uptake of TPR–miRNA in VECs and VSMCs, CLSM
analysis was performed. As shown in Fig. 5a, the strong green
fluorescence produced by FAM-miRNA was detected diffused
inside the VECs, indicating that much of the TPR–miRNA was
internalized and the distribution of TPR–miRNA was quite even
in the cell cytoplasm. In contrast, trivial green fluorescence was
observed in VSMCs (Fig. 5b). The TPR–miRNA complex could
increase the recognition of VECs owing to the specific selectivity
between the REDV peptide and the α4β1 integrin of VECs.

The cellular uptake of T–miRNA, TP–miRNA and TPR–
miRNA prepared with FAM-miRNA was verified using FCM in
VECs and VSMCs, respectively. Quantification was performed
by measuring the MFI value. Fig. 6 shows that the MFI values
of TPR–miRNA in VECs increased 1.9-fold and 7.5-fold,
respectively, higher than the results of T–miRNA and TP–
miRNA, at 240 nM. Furthermore, the MFI value of TPR–miRNA
in VECs was significantly higher than that of TPR–miRNA in
VSMCs. However, no obvious differences between VECs and
VSMCs were observed for T–miRNA. And, the MFI value of TP–
miRNA in VECs was even lower than that in VSMCs. These

results demonstrated that the REDV peptide decoration on the
surface of the complexes could specifically increase the
binding affinity, and thus, significantly increase the cellular
uptake of TPR–miRNA complexes inside VECs. REDV peptide
linking to the TP polyplex could be attributed to the decrease
of the non-specific protein adsorption in the FCM test, so that
the MFI value of TPR–miRNA in VSMCs was relatively lower
than that of TP–miRNA or T–miRNA in VSMCs.

The TPR–miRNA complexes were efficiently and selectively
adsorbed onto the surface of the VECs, which facilitated endo-
cytosis, the entrance of complexes into cells. After escaping
from the endo/lysosome, the complexes and miRNA could
separate out in the cytoplasm. This RNA interference process
has been confirmed by Singh and coworkers.33 The combi-
nation of the REDV peptide selectivity and the miRNA delivery
could contribute to the competitive adhesion and the growth
of VECs over VSMCs.

Transfection and cell proliferation

The transfection efficiency was quantified by the qRT-PCR test.
As shown in Fig. 7, with the extension of time, the expression
of miRNA-126 in VECs gradually increased. The TPR–miRNA

Fig. 5 CLSM images of VECs and VSMCs after treatment with TPR–
miRNA for 24 h. For each panel, the images from left to right show cell
nuclei stained by DAPI (blue), miRNA fluorescence in cells (green), and
overlays of the two images. Bars represent 50 μm. (a) VECs, (b) VSMCs.

Fig. 6 Cellular uptake of the miRNA complexes and lip2000-miRNA.
The mean fluorescence intensity (MFI) was analyzed by FCM. Data are
expressed as mean ± SD (n = 3). **p < 0.01.

Fig. 4 Cell viability and IC50 values of T–miRNA, TP–miRNA and TPR–
miRNA measured by the MTT assay. Cell viability is expressed as mean ±
SD (n = 3).
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delivery of miRNA complexes significantly increased the
miRNA-126 expression compared with the results of T–miRNA
and TP–miRNA. At day 9, miRNA expression efficiencies of
∼1.6, 1.7 and 3.4 were detected for T–miRNA, TP–miRNA and
TPR–miRNA complexes, respectively, and the results were
more significant compared with the non-treated controls,
lip2000-miRNA. At each time point, the miRNA expression
efficiencies demonstrated a similar tendency, i.e., TPR–miRNA
was significantly higher than TP–miRNA and T–miRNA (p <
0.05). As described in the FCM test, REDV peptide decoration
on the complexes specifically increased the cellular uptake of
TPR–miRNA into the VECs, and thus, increased miRNA
expression efficiencies of the TPR–miRNA sample was
observed. This observation further confirmed that the combi-
nation of the miRNA delivery polyplex and the targeting
peptide could promote miRNA-126 transfection in VECs. The
result of cell proliferation was similar, as demonstrated in the
CCK8 test (Fig. 8).

The miRNA-126 transfer abilities and the cell proliferation
values of T–miRNA, TP–miRNA and TPR–miRNA were investi-
gated in vitro by the CCK8 test. VECs were seeded with
T–miRNA, TP–miRNA and TPR–miRNA complexes, respect-

ively. Their viability and proliferation were evaluated at day 3, 6,
and 9. As shown in Fig. 8, the viability values increased with the
culture time and showed that the proliferation occurred. At day 3,
the values of the TPR–miRNA samples were significantly higher
than those of T–miRNA and TP–miRNA. And this phenomenon
could also be seen at day 6 and 9 as well. The result demon-
strated that miRNA-126 evidently promoted VEC proliferation,
which coincided with early research studies that miRNA-126
could promote VEC spread and stimulate the proliferation of
VECs.7,8 Furthermore, compared with T–miRNA and TP–miRNA
complexes, TPR–miRNA could be taken up specifically by the
VECs. And the targeting TPR–miRNA complexes could enhance
the selectivity of VECs over VSMCs, thus promoting the prolifer-
ation of VECs. Therefore, these active target TMC-g-PEG-REDV
polyplexes might be used as efficient miRNA carriers for prolifer-
ation of VECs, and these showed great potential to expedite rapid
endothelialization in vascular tissue engineering.

Currently, miRNA-based therapeutics are administrated sys-
temically in vitro and in vivo to stimulate tissue gen-
eration.23,24,34 However, a systemic administration of large
doses of miRNA-based therapeutics carries a risk of off-target
and undesired effects, because miRNAs can target multiple
messenger RNAs in an array of tissue types. It is probably
difficult to restrict the cell types and/or tissues exposed to a
systemically administered therapeutic miRNA.35 Thus, it could
be assumed that localized miRNA delivery systems would hold
significant advantages for localized vascular tissue regener-
ation. The electrospun nanofibrous scaffolds as vehicles for
the localized delivery of TMC-g-PEG-REDV/miRNAs complexes
will be reported in further work.

Conclusions

The TMC-g-PEG-REDV polyplex was developed containing REDV
for targeted delivery of miRNAs to VECs. The TMC related poly-
plexes have the ability of effective compaction of miRNAs. PEGy-
lation of TMC increased the serum stability and decreased the
cell toxicity of the polyplexes. The TMC-g-PEG-REDV/miRNA-126
complexes exhibited not only favourable physicochemical pro-
perties, including increased serum stability and negligible toxi-
city, but also efficient endothelial cellular uptake, high miRNA
transfection efficiency and significantly promoted VEC prolifer-
ation. Moreover, the combination of the miRNA delivery poly-
plex and the targeting peptide REDV could improve the
selective uptake and the growth of VECs over VSMCs. It was
suggested that the TMC-g-PEG-REDV polyplex could be used as
a potential RNA/DNA carrier for rapid endothelialization in vas-
cular tissue engineering.
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Fig. 8 Cell proliferation of the transfected VECs. Data are expressed as
mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 7 miRNA-126 expression of VECs treated with different complexes.
Data are expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p <
0.001.
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