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ABSTRACT: Herein, we demonstrate that the REDV peptide
modified nanoparticles (NPs) can serve as a kind of active
targeting gene carrier to condensate pZNF580 for specific
promotion of the proliferation of endothelial cells (ECs). First,
we synthesized a series of biodegradable amphiphilic copolymers
by ring-opening polymerization reaction and graft modification
with REDV peptide. Second, we prepared active targeting NPs via
self-assembly of the amphiphilic copolymers using nanoprecipita-
tion technology. After condensation with negatively charged
pZNF580, the REDV peptide modified NPs/pZNF580 complexes
were formed finally. Due to the binding affinity toward ECs of the specific peptide, these REDV peptide modified NPs/pZNF580
complexes could be recognized and adhered specifically by ECs in the coculture system of ECs and human artery smooth muscle
cells (SMCs) in vitro. After expression of ZNF580, as the key protein to promote the proliferation of ECs, the relative ZNF580
protein level increased from 15.7% to 34.8%. The specificity in actively targeting ECs of the REDV peptide conjugated NPs/
pZNF580 complexes was still retained in the coculture system. These findings in the present study could facilitate the
development of actively targeting gene carriers for the endothelialization of artificial blood vessels.
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1. INTRODUCTION
With the high occurrence of cardiovascular diseases, there is a
constant high demand of vascular grafts that can provide long-
term patency for replacement therapy.1 During the clinical
application, synthetic artificial vascular grafts with inner
diameters larger than 6 mm are frequently used for bypass
grafts or replacements, and they provide good, long-term
clinical patency.2 However, small-caliber vascular grafts (<6
mm) often cannot achieve long-term patency due to acute
thrombogenicity on the luminal surface and occlusion.3

Many strategies are used to enhance the hemocompatibility
of artificial blood vessels.2 For example, in order to improve the
surface hydrophilicity of polymeric artificial blood vessels,
collagen,4 heparin,5 poly(ethylene glycol),6−10 gelatin,11,12 2-
methacryloyloxyethyl phosphorylcholine,13,14 zwitterionic poly-
norbornene,15 and silk fiber16,17 have been widely used in
surface modification of artificial blood vessels by us and other
research groups. Through surface modification, the hydro-
philicity, hemocompatibility, and biocompatibility of the
artificial blood vessels are improved significantly.18

In the prevention of the occlusion of the natural blood
vessels, it is a fact, which should not be ignored, that
endothelium plays an important role.19 Therefore, on the
luminal surface of small-caliber vascular grafts, rapid endotheli-
alization is a smart strategy to inhibit the initial thrombosis and
facilitate better long-term patency.20 In order to create a
bioactive surface with ECs capturing and/or binding capability,
Arg-Gly-Asp (RGD) and Arg-Glu-Asp-Val (REDV) peptides
are usually used as ligands to adhere ECs for rapid
endothelialization.21 Furthermore, REDV peptide exhibits
specific EC adsorption, because REDV peptide as the active
targeting ligand can be recognized by α4β1 integrin receptor
that is expressed specifically on the cytomembrane of ECs.22

Therefore, when biomaterial surface was modified by REDV
peptide, the surface showed efficiently selective EC adhesion.23

Moreover, when stents are coated with phosphorylcholine and
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REDV peptides, they exhibited high EC selectivity compared
with other cell types in vivo.24

In order to promote the proliferation and migration of ECs,
we have reported a strategy for biodegradable microparticles
complexed with pEGFP-ZNF580 (pZNF580) gene to regulate
the endothelialization of ECs.25,26 Actually, as an effective gene
carrier, it is essential that the gene carrier could be uptaken
specifically by ECs in the complex bloodstream environment in
vivo. More precisely, a well-designed gene carrier for actively
targeting ECs should be swallowed only by ECs over other
cells, especially human artery smooth muscle cells (SMCs).
Therefore, it is of great interest to investigate whether it is
possible to develop actively targeting nanoparticles condensed
with genes to realize the specific adhesion and proliferation of
ECs.
Recently, many strategies have been explored to prepare gene

carriers with targeting function. For example, Wang and his co-
workers investigated the targeting iron-oxide nanoparticle for
photodynamic therapy and imaging of head and neck cancer.27

Kang and his co-workers reported on liver-targeting siRNA
delivery based on PEI-pullulan carrier.28 Lee prepared a
cysteamine modified gold NPs/siRNA/PEI/hyaluronic acid
complex using a layer-by-layer method.29 Moreover, Gu and his
co-workers prepared dual-functional liposomes with mitochon-
dria and pH response to overcome drug-resistant lung cancer.30

In treatment of glioblastoma in vivo, gold nanorods/PEG−PCL
hybrid nanoparticles with a cRGD-directed process, NIR-
responsiveness, and robustness were reported for targeted
chemotherapy by Zhong and his co-workers.31 Jiang developed
casoactive peptide-decorated chitosan nanoparticles for enhanc-
ing drug accumulation and penetration in a subcutaneous
tumor.32 Although various targeting gene carriers have been
widely studied in the treatment of different cancers,33 gene
carriers for actively targeting ECs have been rarely
reported.34,35 Therefore, it is very important to design and
study actively targeting gene carriers which can be selected
specifically by ECs and to enhance endothelialization.
To this end, with great interest, the NPs were designed and

synthesized for actively targeting ECs using biodegradable
copolymers and REDV peptide. We synthesized series of
REDV peptide modified block copolymers, namely, REDV-g-
polyethylenimine-g-poly(lactide-co-glycolide)-g-polyethyleni-
mine-g-REDV (REDV-g-PEI-g-P(LA-co-GA)-g-PEI-g-REDV)
and REDV-g-polyethylenimine-g-poly(lactide-co-glycolide-co-
3(S)-methyl-morpholine-2,5-dione)-g-polyethylenimine-g-
REDV (REDV-g-PEI-g-P(LA-co-GA-co-MMD)-g-PEI-g-
REDV). And then, by nanoprecipitation technology, we
prepared actively targeting NPs for ECs from biodegradable
block copolymers having REDV functional peptides, which
were then condensed with pZNF580 to generate NPs/
pZNF580 complexes. The properties of the copolymers, NPs,
and NPs/pZNF580 complexes were investigated. The REDV
peptide conjugated NPs/pZNF580 complexes showed low
cytotoxicity and excellent active targeting function for ECs.

2. MATERIALS AND METHODS
2.1. Materials. Polyethylenimine (branched PEI, Mw = 1800), 1,8-

octanediol, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), 2,2-dimethoxy-2-phenylacetophenone (DMPA), 4′,6-
diamidino-2-phenylindole (DAPI), fluorescein isothiocyanate (FITC),
rhodamine B isothiocyanate (RBITC), FITC labeled CD31, RBITC
labeled α-SMA and N,N-dimethylformamide (DMF), dibutyl tin
dilaurate (DBTDL), and stannous octoate (Sn(Oct)2) were purchased

from Sigma-Aldrich (St. Louis, MO). L-Lactide (L-LA) and glycolide
(GA) were obtained from Foryou Medical Device Co., Ltd. (Huizhou,
China). L-Alanine and chloroacetyl chloride were supplied by Aladdin
Reagent Co., Ltd. (Shanghai, China). Dimethyl sulfoxide (DMSO)
was purchased from Sigma (St. Louis, MO). CREDVW peptide was
purchased from GL Biochem (Shanghai) Ltd. (Shanghai, China).
Lipofectamine 2000 reagent was purchased from Invitrogen (Grand
Island, NY). pZNF580 was preserved by the Department of
Physiology and Pathophysiology, Logistics University of Chinese
People’s Armed Police Force. 3(S)-Methyl-morpholine-2,5-dione
(MMD) monomer was prepared using our previously reported
method.26

2.2. Synthesis of Amphiphilic Triblock Copolymers.
2.2.1. Synthesis of P(LA-co-GA) and P(LA-co-GA-co-MMD) Copoly-
mers. P(LA-co-GA) copolymer was prepared as reported previously by
ring-opening polymerization (ROP). Briefly, 1,8-octanediol, LA, GA,
and Sn(Oct)2 toluene solution (2.9 wt %) were added in a flame-dried
and nitrogen-purged flask (10 mL). The flask was sealed and
maintained at 120 °C for 12 h. The copolymer was recovered by
dissolution in chloroform and followed by precipitation in hexane.
This process was performed 3 times to obtain purified copolymers.
The resultant precipitate (P(LA-co-GA) copolymer) was filtered and
dried at room temperature in vacuum until it reached a constant
weight. Moreover, P(LA-co-GA-co-MMD) copolymer was synthesized
using a similar method.

2.2.2. Synthesis of Triblock Copolymers. PEI-g-P(LA-co-GA)-g-PEI
triblock copolymer was synthesized after graft PEI from P(LA-co-GA)
copolymers. Copolymer (1.0 g) was dissolved in anhydrous chloro-
form (9.5 mL), and then the solution was transferred into a dried
constant pressure funnel (25 mL). DBTDL (10 μL) and isophorone
diisocyanate (IPDI) toluene solution (638 μL, 1 wt %) were added in
a three-necked flask (50 mL). P(LA-co-GA) copolymer solution was
added dropwise with stirring at 30 °C in 30 min, and it then reacted
for 24 h. The reaction mixture was added dropwise into 5.24 mL of
PEI toluene solution (10 wt %) stirred at a suitable speed (1000 rpm)
under a nitrogen atmosphere at 60 °C in 3 h, and then reacted for 24
h. When the solution was cooled to room temperature, triblock
copolymer of (PEI-g-P(LA-co-GA)-g-PEI) was obtained by precip-
itation in ice-cold hexane as white flocculent precipitate. The
copolymer was dissolved in chloroform and precipitated with
anhydrous ether, and the process was performed 3 times to obtain
purified triblock copolymer. The resultant precipitate was filtered and
dried at room temperature in vacuum until it reached a constant
weight. The triblock copolymer of PEI-g-P(LA-co-GA-co-MMD)-g-PEI
was synthesized using a similar method.

2.2.3. Graft of REDV Peptide. REDV peptide grafted triblock
copolymer of PEI-g-P(LA-co-GA)-g-PEI was prepared by two steps.
First, in order to introduce the carbon−carbon double bond, some
amino groups (−NH2) of the PEI-g-P(LA-co-GA)-g-PEI copolymers
reacted with diallylcarbamic acid chloride as reported previously.36

Second, CREDVW peptides were grafted by “Michael addition
reaction” as reported before.37

Briefly, PEI-g-P(LA-co-GA)-g-PEI copolymer (0.50 g) was dissolved
in DMF (5.0 mL). Then, the polymer solution was transferred to a
flask (50 mL), and 39 μL triethylamine was added into the solution. A
5.0 mL portion of diallylcarbamic chloride DMF solution (0.9 wt %)
was added dropwise to the solution with continuous stirring at 0 °C.
The reaction was maintained at room temperature for 12 h. Then, the
solution was filtered with sand core funnel, and the filtrate was
transferred to a Petri dish. A 5.0 mg portion of DMPA was added into
the solution. A 2.0 mL portion of CREDVW DMF solution
(containing 300 mg CREDVW peptide) was added to the solution.
Then, the solution was irradiated under the ultraviolet light (365 nm
UV-lamp) using DMPA as photoinitiator for 10 min to complete the
reaction.38 Copolymer was recovered by precipitation in ice-cold
hexane, then dissolved in DMF, and precipitated in ice-cold hexane;
the process was performed for 3 times to remove the unreacted
residues. The resultant precipitate was filtered and dried at room
temperature in vacuum until it reached a constant weight. Finally, the
copolymers named REDV-g-PEI-g-P(LA-co-GA)-g-PEI-g-REDV were
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obtained. REDV peptide grafted triblock copolymer of REDV-g-PEI-g-
P(LA-co-GA-co-MMD)-g-PEI-g-REDV was also synthesized using a
similar method.
2.3. Characterization of Copolymers. 1H NMR spectra of the

synthesized polymers were recorded with a Bruker Avance
spectrometer (AV-400, Bruker, Karlsruche, Germany) operating at
400 MHz in CDCl3 or DMSO-d6. FT-IR spectra of the copolymers
were obtained using a FT-IR spectrometer (Bio-Rad FTS-6000, MA).
Moreover, the average molecular weight (Mn) was determined by gel
permeation chromatography (GPC, Malvern Viscotek, U.K.) with
GPCmax 270 column in tetrahydrofuran (THF). The standard
polymers were Shodex STANDARD SM-105 (Lot No. 10203).
2.4. Degradation of the Copolymers in Vitro. Biodegradation

test was employed as reported previously to study the degradation
behavior of the copolymers in vitro.25,39 The residual weight (%) of the
copolymers was calculated using the following formula (W0, the
original weight of the copolymer sample; Wt, the sample weight at
different time interval):

= ×
W
W

residual weight (%) 100%t

0

2.5. Preparation and Characterization of NPs/pZNF580
Complexes. 2.5.1. Preparation of NPs. NPs were prepared using
nanoprecipitation technology. Briefly, 10.0 mg of amphiphilic triblock
copolymer was dissolved in 1 mL of THF. The solution was added
dropwise to 10 mL of triple-distilled water stirred at reasonable speed
(400−1500 rpm) in a beaker in 1 h. Then, to remove THF, the
mixture solution was stirred at room temperature for 24 h in a fume
cupboard. For further experiments, the final volume of the solution
was adjusted to 10 mL.
2.5.2. Preparation of NPs/pZNF580 Complexes. The suspension of

pZNF580 was diluted to 1 μg/50 μL with PBS buffer (pH = 7.4). The
complexes were prepared by adding NP suspension (1 mg/mL) to
pZNF580 suspension (containing 1 μg) at various N/P molar ratios
(0.5:1, 1:1, 2:1, 5:1, 10:1, and 20:1). Before characterization and
further experiments, the complexes were mixed gently and incubated
for 30 min at room temperature in a clean bench. N/P molar ratios
were calculated from weight of polymer and plasmid, N content in the
polymer and P content in plasmid.
2.5.3. Size Distribution and Zeta Potential. The size and zeta

potential of NPs and NPs/pZNF580 complexes were measured using
a Zetasizer 3000HS (Malvern Instrument, Inc., Worcestershire, U.K.)
as reported previously at the wavelength of 677 nm with a constant
angle of 90°.26

2.5.4. Agarose Gel Electrophoresis. Agarose gel electrophoresis was
employed as reported previously to assess the DNA condensation
ability of NPs.26 The NPs/pZNF580 complexes with various N/P
molar ratios ranging from 0.5 to 20 were prepared. The mixture
solution was loaded into the agarose gel (0.8 wt %) containing 0.5 μg/
mL ethidium bromide. Electrophoresis was performed in 1× TAE
buffer at 100 V for 40 min; UV illuminator was used to indicate the
retarded location of the plasmids.
2.5.5. In Vitro Release of pZNF580. To assess the pZNF580 release

ability from the NPs/pZNF580 complexes, release assay in vitro was
employed as reported previously.25 By measuring the extinction
fluorescence with ethidium bromide, the adsorption efficiency of
plasmid DNA was obtained. The supernatant was analyzed using Cary
Eclipse fluorescence spectrometer at excitation wavelength of 524 nm
and emission wavelength of 582 nm.40

2.5.6. Morphology of NPs and NPs/pZNF580 Complexes. The
morphological study of NPs and NPs/pZNF580 complexes was
performed on JME100CXII transmission electron microscope (TEM,
JEOL Ltd. Japan). Samples were prepared using the method reported
previously.41 Briefly, NP suspension (1 mg/mL) and NPs/pZNF580
suspensions were dipped onto a carbon-coated copper grid. Then, the
carbon-coated copper grid dried in the air for 10 h before images were
taken.
2.6. Transfection and Cytotoxicity. 2.6.1. Cell Culture. ECs and

SMCs were purchased from American Type Culture Collection, and

were cultured in high glucose DMEM supplemented 10% FBS in 5%
CO2 atmosphere at 37 °C. The next day, the nonadherent cells were
discarded, and the adherent cells were cultured to confluence with
medium exchanges being conducted every 3 days.

2.6.2. Transfection of NPs/pZNF580 Complexes in Vitro. ECs were
transfected using the same method as reported previously.25 The
expression of green fluorescence protein (GFP) in cells was observed
under an inverted fluorescent microscope at different time intervals.

2.6.3. Protein Extraction and Western Blotting Analysis. Western
blot analysis was performed as reported previously.25,42 Proteins were
incubated with horseradish peroxidase conjugated to goat antirabbit Ig
G to assess the protein loading level, and then they were incubated
with enhanced chemiluminescence reagent and were exposed to film.
The belt was analyzed using ImageJ 2.1, and β-actin antibody was used
as a control.

2.6.4. In Vitro Cytotoxicity of NPs and NPs/pZNF580 Complexes.
The cytotoxicity of NPs and NPs/pZNF580 complexes was evaluated
by MTT assay using PEI (Mw = 10 000) as the control group, and the
relative cell viability was calculated finally.25 Optical density (OD) was
measured by an ELISA reader (Titertek multiscan MC) at the
wavelength of 490 nm. The relative cell viability (%) was calculated
using the following formula: (OD490′, the absorbance value of
experimental wells minus zero wells; avg(OD490C′), the average
absorbance value of corrected control wells).

= ′
′

×relative cell viability
OD490

avg(OD490C )
100%

2.6.5. Wound Healing Assay of ECs. The migration ability of ECs
transfected by NPs/pZNF580 complexes was assessed using a scratch
wound healing assay.25,43 The migration process at different time
points was monitored using an inverted microscope; the migration
area was calculated using ImageJ 2.1 based on the images after 12 h.
The measure of the wounded area was calculated by the following
formula: wounded area = length × width. The percentage of migration
area was calculated by the following formula: relative recovered surface
area (%) = (wounded area − nonrecovered area)/wounded area.44

2.6.6. Migration Assay of ECs. Assessment of endothelial cell
migration was performed using a transwell assay.45 The upper surface
of polycarbonate filters with 8-μm pores was put with DMEM and
cultured for 30 min. Cells treated with different NPs/pZNF580
complexes. Then, cells were extensively washed with DMEM
containing 1% acid-free bovine serum albumin and resuspended in
the same medium. DMEM in the presence of 10% FBS was loaded in
the lower chambers as a chemotaxis inducer. Cells (1 × 104 cells/mL
at 200 μL per well) were plated in the upper chambers and allowed to
migrate through the 8-μm porous filters at 37 °C for 6 h.
Nonmigrating cells on the upper surface of the filter were wiped off
with a cotton swab. Migrating cells which adhered to the lower surface
were stained with eosin, and observed using optical microscope.

2.7. Actively Targeting Ability of NPs/pZNF580 Complexes.
ECs and SMCs (1:1) were added to the culture flask with 5 mL of
DMEM medium (10% FBS). Then, the cells were mixed gently and
incubated for 2−3 days until 80−90% confluence. Cells were
trypsinized using 0.25% trypsin. After resuspension, cells were cultured
with different NPs/pZNF580 complexes for another 24 h. Then, cells
were fixed using 4% paraformaldehyde, and treated with 0.5% Triton
X-100 to improve the permeability of the cell membrane. Finally, cells
were dyed using different dyes (DAPI, FITC, and RBITC).46

2.8. Statistical Analysis. All experiments were performed at least
three times. Quantitative data are presented as the mean ± SD.
Statistical comparisons were made with Student’s t test. P-values
(<0.05) were considered to be statistically significant.

3. RESULTS

3.1. Synthesis of Amphiphilic Block Copolymers.
Amphiphilic block copolymers were prepared by ROP and
grafting reaction. We take REDV-g-PEI-g-P(LA-co-GA-co-
MMD)-g-PEI-g-REDV copolymer as an example (the synthesis
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route is shown in Scheme S1 (Supporting Information)).
Herein, 1,8-octanediol was used as the initiator to control the
molecular weight of P(LA-co-GA) and P(LA-co-GA-co-MMD)
copolymers. The amphiphilic triblock copolymers were
prepared by grafting PEI. The yield percent values of the
P(LA-co-GA) and P(LA-co-GA-co-MMD) ranged from 75% to
80%. But yield of the PEI-g-P(LA-co-GA)-g-PEI and PEI-g-
P(LA-co-GA-co-MMD)-g-PEI ranged from 50% to 60%.
In order to endow NPs with active targeting for ECs, REDV

peptides were linked onto PEI chains. Then, molecular weight
of the block copolymers was estimated by 1H NMR and
determined by GPC. The content of PEI, LA, GA, and MMD
in the block copolymers was estimated by 1H NMR (Table S1).
The yield of peptide-grafted triblock copolymers ranged from
60% to 70%.
The copolymers were characterized by FT-IR and shown in

Figure 1. The stretching frequency of the secondary amide

(−CO−NH−) in an MMD segment was found at 3289 cm−1

(−NH−), 1687 cm−1 (amide I), and 1533 cm−1 (amide II)
(Figure 1b); the signal at 1755 cm−1 was assigned to the
carboxylate group (−O−CO−) in P(LA-co-GA)1 and P(LA-co-
GA-MMD)1 copolymers.47 After a graft of PEI, the symmetric
stretching characteristic peaks of primary amine (−NH2) were
found at 3289 and 1646 cm−1.48 These results indicated that
triblock copolymers were synthesized successfully.

The copolymers were characterized by 1H NMR (Figure S1).
1H NMR spectrum of P(LA-co-GA)1 copolymer in CDCl3
showed that there are peaks at δ 5.19 ppm (−COCH
(CH3)O−, 1H), δ 4.82 ppm (−COCH2O-, 2H), and δ 1.59
ppm (−COCH(CH3)O−, 3H).49 1H NMR spectrum of PEI-g-
P(LA-co-GA)-g-PEI1 tribolck copolymer in DMSO-d6 exhibited
the characteristic peak of the protons of PEI at δ 2.4−3.2
ppm.50 These results confirmed that the PEI-g-P(LA-co-GA)-g-
PEI1 triblock copolymer was synthesized perfectly.
In order to endow NPs with active targeting selectivity for

ECs, CREDVW peptide was grafted onto PEI chains (Figure
2). Herein, the sequence of the peptide was designed as
CREDVW. Owing to the mercapto group (−SH), cysteine
residue in CREDVW peptide was linked onto diallylcarbamic
PEI by Michael addition reaction. CREDVW peptide can be
detected and calculated by the fluorescence intensity of indole
in tryptophan residue (Figure S2). The CREDVW modified
amphiphilic block copolymers showed obvious absorption peak
at 362 nm.

3.2. Degradation Behavior of Copolymers. The
degradation behavior of triblock copolymers was investigated
in vitro (Figure 3). After 50 days, the residual weight of PEI-g-

P(LA-co-GA)-g-PEI1 copolymer decreased to 75.0%. PEI-g-
P(LA-co-GA-co-MMD)-g-PEI1 copolymer showed a faster
weight loss than PEI-g-P(LA-co-GA)-g-PEI1 copolymer, and
the residual weight was only 50.6%.

Figure 1. FT-IR spectra of copolymers: (a) copolymer of P(LA-co-
GA)1, (b) copolymer of P(LA-co-GA-MMD)1, (c) triblock copolymer
PEI-g-P(LA-co-GA)-g-PEI1, and (d) triblock copolymer PEI-g-P(LA-
co-GA-co-MMD)-g-PEI1.

Figure 2. Grafting route of CREDVW peptide onto the triblock copolymer.

Figure 3. Residual weight of the copolymers in PBS (pH = 7.4), at 37
°C, under constant shaking (30 rpm): (a) PEI-g-P(LA-co-GA)-g-PEI1
triblock copolymer, (b) PEI-g-P(LA-co-GA-co-MMD)-g-PEI1 triblock
copolymer. Error bars represent the standard deviations (n = 3).
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The degradation process of triblock copolymers had two
stages. The residual weight of all copolymers decreased quickly
during the initial 5 days in the first stage. In this stage, the
residual weight of all copolymers decreased quickly, which is
due to the hydrolysis of the ester bonds in the hydrophobic
segments (P(LA-co-GA-co-MMD) and P(LA-co-GA)) nearly
connected with the hydrophilic chains of PEI. Therefore, PEI
segments dissolved quickly along with the degradation of the
ester bonds in PBS.
In the second stage, PEI-g-P(LA-co-GA-co-MMD)-g-PEI1

copolymer showed a faster degradation rate than PEI-g-P(LA-
co-GA)-g-PEI1 copolymer. When MMD copolymerized with
LA and GA to form the random copolymer of P(LA-co-GA-co-
MMD), the chain of this copolymer had random amide and
ester groups. The amide groups increased the hydrophilicity of
copolymer chains, which resulted in high water absorption

during the second degradation stage. This is the main reason
that leads to a high degradation rate for PEI-g-P(LA-co-GA-co-
MMD)-g-PEI1 copolymer.

51

3.3. Morphology of NPs and NPs/pZNF580 Com-
plexes. In aqueous solution, amphiphilic triblock copolymers
can assemble into NPs with core−shell structure (Figure 4).
The hydrophobic segments, such as P(LA-co-GA) or P(LA-co-
GA-co-MMD), formed the core of NPs, while PEI and REDV
peptide as the hydrophilic segments preferred existing in the
hydrophilic shell surrounding the core.
When NPs/pZNF580 complexes were cultured with cells in

the medium, owing to the actively targeting ligands (REDV
peptides) on their surface, these complexes can be recognized
and adhered specifically by the membrane receptor (α4β1
integrin), and then entered efficiently into ECs by cytophagy
(Figure 4). After escape from endolysosome, NPs/pZNF580

Figure 4. Self-assembly of the NPs from amphiphilic triblock copolymers and the process of active targeting adsorption mediated by targeting NPs/
pZNF580 complexes. NPs were prepared by self-assembly, and NPs/pZNF580 complexes were formed by condensation with pZNF580. As the
active targeting ligand, REDV peptide on the surface can be recognized and bound specifically by the surface receptor. The complex was transfected
into the cell via endocytosis; through path 1 or 2, the plasmids entered into the cell nucleus.

Figure 5. TEM images of NPs and NPs/pZNF580 complexes: (a) NPs prepared from REDV-g-PEI-g-P(LA-co-GA)-g-PEI-g-REDV1 triblock
copolymer, (b) NPs/pZNF580 complexes (N/P = 5) prepared from REDV-g-PEI-g-P(LA-co-GA)-g-PEI-g-REDV1 based NPs and pZNF580.
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complexes or plasmids could enter into the cell nucleus through
path 1 or 2 (Figure 4).52 This process of endocytosis and
intracellular trafficking has been confirmed by Cameron and co-
workers.53 As the key protein to promote the proliferation of
ECs, the overexpression of ZNF580 protein will promote the
proliferation and migration of ECs.
3.4. Size and Zeta Potential. The hydrodynamic diameter

and zeta potential of NPs were measured by a Zetasizer
3000HS and summarized in Table S2. The size of NPs ranged
from 66.3 ± 10.5 nm to 75.1 ± 6.1 nm with a reasonable
polydispersity index (PDI < 0.3); the zeta potential ranged
from 24.1 ± 0.9 mV to 31.6 ± 0.6 mV. In the following study,
REDV-g-PEI-g-P(LA-co-GA)-g-PEI-g-REDV1 and REDV-g-PEI-
g-P(LA-co-GA-co-MMD)-g-PEI-g-REDV1 based NPs were
selected due to their reasonable size and appropriate positive
potential.
At room temperature, by mixing the NP suspension with

pZNF580 solution in PBS (pH = 7.4), NPs/pZNF580
complexes were prepared and allowed for 30 min to form
NPs/pZNF580 complexes. As shown in Figure 5, the
morphology of NPs and NPs/pZNF580 complexes (N/P =
5) exhibited a spherical structure. However, the nanoparticle
size (about 60 nm) measured by TEM was smaller than those
obtained by a nanoparticle size and zeta potential analyzer. The
reason is attributed to the hydrodynamic size measured by
nanoparticle size and zeta potential analyzer in the hydrated
state in solution, while TEM showed the size of dried NPs on
carbon-coated copper meshes.
For well-designed gene carriers, it is of great importance that

there is effective condensation of negatively charged pZNF580
through electrostatic interaction.54 Therefore, a gel retardation
assay was employed to verify the successful binding ability
between NPs and pZNF580. As we know, NPs with or without
pZNF580 are too large to diffuse through the agarose matrix.
Therefore, only the plasmids which are not bound by NPs can
migrate to the positive electrode as the naked plasmids.55

Before the gel retardation assay, NPs/pZNF580 complexes
with different N/P molar ratios were incubated at room
temperature for 30 min. The images of gel retardation assay
were shown in Figure 6. When the N/P molar ratio rose to 5,
the plasmids were almost bound by the two kinds of NPs.
These results demonstrated that the two kinds of NPs exhibited
effective binding ability, because these NPs had very high zeta
potential, namely, 31.6 ± 0.6 and 29.3 ± 1.2 mV, respectively
(Table S2). Therefore, the NPs prepared in the present study
exhibited effective binding ability to plasmids.

3.5. In Vitro Release of pZNF580. During gene clinic
therapy, it is an important property for gene carriers to exhibit
an ideal sequential gene release.56 Therefore, to investigate the
characteristic of plasmid release from NPs/pZNF580 com-
plexes, the release assay was carried out in Tris-HCl buffer (pH
= 7.4) at 37 °C in vitro (Figure S3). During the initial 6 days, all
of the complexes showed a rapid nucleic acid release behavior.
However, after 28 days, the cumulative release of the plasmids
from the complexes at N/P ratio of 5 was higher than that at
N/P ratio of 20. When the N/P ratio was raised to 20, the
electrostatic interaction between NPs and plasmids was very
strong. Therefore, high electrostatic binding force prevented
the rapid release of plasmids from the complexes.
In addition, in accounting for the release of plasmids, another

main reason which could not be ignored is that there are
different degradation rates of the copolymers. The degradation
rate of PEI-g-P(LA-co-GA-co-MMD)-g-PEI copolymer was
faster than the others (Figure 3). Therefore, at the N/P
molar ratio of 5, the cumulative release of plasmids (87.7%,
Figure S3b) from REDV-g-PEI-g-P(LA-co-GA-co-MMD)-g-PEI-
g-REDV1 based NPs/pZNF580 complexes was higher than that
from REDV-g-PEI-g-P(LA-co-GA)-g-PEI-g-REDV1 based com-
plexes (75.6%, Figure S3a).

3.6. In Vitro Transfection. The expression of green
fluorescence protein was used to qualitatively determine
whether the plasmids had been transfected into ECs. Therefore,
GFP was observed under an inverted fluorescent microscope.
After 48 h of transfection, many cells with green fluorescence
could be observed (Figure 7 b−d). These results demonstrated
that the plasmids had been carried into cells by NPs/pZNF580
complexes, and then the GFP gene had expressed successfully
in these cells.
Western blot detection was employed to quantitatively

characterize the expression of ZNF580 gene in ECs. The
relative protein level of cells treated with REDV-g-PEI-g-P(LA-
co-GA-co-MMD)-g-PEI-g-REDV1 based NPs/pZNF580 com-
plexes reached 34.8% (Figure 8 b), while that of cells treated
with REDV-g-PEI-g-P(LA-co-GA)-g-PEI-g-REDV1 based NPs/
pZNF580 complexes was only 21.3% (Figure 8 c). However,
the relative protein level of cells treated with Lipofectamine TM
2000 (the positive control group) was 33.2%, which has been
reported in our previous research.25 The rapid degradation of
PEI-g-P(LA-co-GA-co-MMD)-g-PEI1 triblock copolymer (Fig-
ure 3 b) provided a fast release of pZNF580. This might be the
main reason for the overexpression of ZNF580 gene in the cells
treated with REDV-g-PEI-g-P(LA-co-GA-co-MMD)-g-PEI-g-
REDV1 based NPs/pZNF580 complexes.

Figure 6. Agarose gel electrophoresis of NPs/pZNF580 complexes at various N/P molar ratios: (a) REDV-g-PEI-g-P(LA-co-GA)-g-PEI-g-REDV1
based NPs/pZNF580 complexes and (b) REDV-g-PEI-g-P(LA-co-GA-co-MMD)-g-PEI-g-REDV1 based NPs/pZNF580 complexes.
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3.7. In Vitro Cytotoxicity. For PEI based gene carriers, the
cytotoxicity is a serious issue. Herein, an MTT assay was
employed to evaluate the toxicity of the prepared NPs and
NPs/pZNF580 complexes (Figure 9). The relative cell viability
of NPs and their NPs/pZNF580 complexes was much higher
than that of PEI at the same concentration. Furthermore, the
relative cell viability of their NPs/pZNF580 complexes was
relatively higher than that of their NPs.
Even at the high concentration (100 μg/mL), NPs/

pZNF580 complexes only showed mild cytotoxicity (relative
cell viability >80%). This phenomenon can be explained by the
neutralization between positive and negative charges.57 When
the plasmids were adsorbed to the surface of NPs, the positive

charges of PEI were partly neutralized by the negative charges
of plasmids, which minimized direct contact of the positive
charge with the cell membrane.
At low concentration (40 μg/mL), NPs and their complexes

exhibited almost noncytotoxicity. At this concentration, the
proliferations of ECs were promoted obviously. The main
reason was that the degradation product, such as L-alanine,
released from the hydrophobic core, might stimulate the
proliferation of ECs via a signal pathway.58 These results
manifested that these biodegradable NPs should be a suitable
gene carrier with noncytotoxicity.

3.8. Migration of ECs Treated with NPs/pZNF580
Complexes. During the wound healing process, cell migration
and proliferation play a vital role. Therefore, the scratch assay
was usually used to study the proliferation and migration
properties of cells. ECs were transfected with NPs/pZNF580
complexes at the N/P molar ratio of 10. After 48 h, a
monolayer of ECs was formed in a 6-well plate. An artificial
scratch with parallel borders was mechanically created (Figure
S4A(a)). Then, at different time intervals, the time course of
the migration process to close this “wound” scratch was
monitored using an inverted microscope (Figure S4A(b) and
(c)). The relative recovered surface area was calculated by
Image-Pro Plus (6.0).
After 12 h, the relative recovered surface area of cells

transfected by REDV-g-PEI-g-P(LA-co-GA)-g-PEI-g-REDV1
based NPs/pZNF580 complexes increased to 81.3 ± 6.8%
(Figure S4B(2)). Furthermore, the cells transfected by REDV-
g-PEI-g-P(LA-co-GA-co-MMD)-g-PEI-g-REDV1 based NPs/
pZNF580 complexes migrated to cover 94.6 ± 7.3% of the
scratch area (Figure S4B(3)). Due to the different degradation
speed during the cell culture process (Figure 3), the relative
recovered surface area of cells transfected with REDV-g-PEI-g-
P(LA-co-GA-co-MMD)-g-PEI-g-REDV1 based NPs/pZNF580
complexes was much larger than that transfected with REDV-g-
PEI-g-P(LA-co-GA)-g-PEI-g-REDV1 based NPs/pZNF580
complexes. These results suggested that, after 60 h (transfection
48 h before scratching plus 12 h after scratching), the migration

Figure 7. Fluorescence images of ECs transfected by different NPs/
pZNF580 complexes (N/P = 5) at concentration of 80 μg/mL and
Lipofectamine 2000 group: (a) cells treated with neither any
complexes nor the Lipofectamine 2000 group, which served as the
negative control group, (b) cells treated with REDV-g-PEI-g-P(LA-co-
GA)-g-PEI-g-REDV1 based NPs/pZNF580 complexes (N/P = 5), (c)
cells treated with REDV-g-PEI-g-P(LA-co-GA-co-MMD)-g-PEI-g-
REDV1 based NPs/pZNF580 complexes (N/P = 5), and (d) cells
treated with Lipofectamine 2000 group (N/P = 5) which served as the
positive control group.

Figure 8. Western blot analysis for ZNF580 protein expression after
48 h (x ̅ + SD, n = 3, *p < 0.05 vs a group): (a) cells treated with
neither any complexes nor with Lipofectamine 2000 group served as
the negative control group, (b) cells treated with REDV-g-PEI-g-P(LA-
co-GA-co-MMD)-g-PEI-g-REDV1 based NPs/pZNF580 complexes
(N/P = 5), and (c) cells treated with REDV-g-PEI-g-P(LA-co-GA)-g-
PEI-g-REDV1 based NPs/pZNF580 complexes (N/P = 5).

Figure 9. Relative cell viability after 48 h of treatment with different
concentrations of NPs and NPs/pZNF580 complexes at N/P molar
ratio of 5. Cells treated with PEI (Mw = 10 000) served as the control
group. (a) Cells treated with REDV-g-PEI-g-P(LA-co-GA)-g-PEI-g-
REDV1 based NPs. (b) Cells treated with REDV-g-PEI-g-P(LA-co-GA-
co-MMD)-g-PEI-g-REDV1 based NPs. (c) Cells treated with REDV-g-
PEI-g-P(LA-co-GA)-g-PEI-g-REDV1 based NPs/pZNF580 complexes.
(d) Cells treated with REDV-g-PEI-g-P(LA-co-GA-co-MMD)-g-PEI-g-
REDV1 based NPs/pZNF580 complexes (x ̅ + SD, n = 6, *p < 0.05 vs
PEI group).
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of ECs was promoted greatly by ZNF580 gene released from
NPs/pZNF580 complexes.
Transwell assay was designed to investigate the migration

ability of ECs treated with different NPs/pZNF580 complexes.
Cells not treated as the negative control group exhibited poor
migration ability (Figure 10a). However, it was obviously

observed that a large number of ECs treated with NPs/
pZNF580 complexes were dyed into red by eosin (Figure
10b,c). Compared with the negative control group, the cells
transfected with NPs/pZNF580 complexes showed significant
migration ability, which was almost similar to the Lipofectamine
2000 group (the positive control group, Figure 10d).
Therefore, the NPs designed in the present study were suitable
as an effective gene carrier for pZNF580.
3.9. NPs/pZNF580 Complexes for Actively Targeting

of ECs. When NPs/pZNF580 complexes were cultured with
ECs and SMCs in the growth medium, REDV peptide was
specifically recognized by receptors (integrin α4β1) on the
cytomembrane surface of ECs, which was expressed in
abundance by ECs but not by other cell types.59 The special
recognition process of REDV peptide and receptor was shown
in Figure 4. Thus, the actively targeting complexes can be
effectively transported into cells by endocytosis. After escape
from endolysosome and entrance into cell nucleus, pZNF580
could effectively express in the nucleus. In this way, the
proliferation of ECs could be greatly promoted.
In the coculture system, cells were transfected with NPs/

pZNF580 complexes for another 24 h. After fixing and dyeing,
images of different cells with specificity fluorescence were
obtained. All of the cell nuclei of ECs and SMCs were dyed
blue by DAPI (Figure 11 b). In a comparison with SMCs that
were dyed red by RBITC (Figure 11 d), it was obviously found
that the number of ECs (dyed into green by FITC) was much
larger than that of SMCs (Figure 11 c). These results
demonstrated that the NPs/pZNF580 could be selected
specifically by ECs, and the proliferation of ECs was promoted
greatly by the overexpression of ZNF580 gene in the coculture
medium.
In the coculture system, the actively targeting NPs/pZNF580

complexes were adhered selectively through recognition of

REDV ligands and α4β1 receptors, and then transfected
effectively into ECs. After the overexpression of ZNF580
protein, the proliferation of ECs was promoted greatly.
Meanwhile, these NPs/pZNF580 complexes had the selective
ability for ECs; namely, they could be recognized specifically
and adhered to efficiently by the α4β1 integrin receptor which
only located on the membrane surface of ECs.59 Therefore, the
probability of the complexes entering into the SMCs reduced
greatly. Thus, these targeting NPs/pZNF580 complexes
prepared in the present paper could be specifically selected
by ECs, and only promote their proliferation.

4. DISCUSSION
Cardiovascular diseases have become one of the main causes of
death in the world. For treatment of these diseases, artificial
blood vessels are usually used to replace the diseased arteries or
bypass an occlusion in a blood vessel. However, high
occurrence of restenosis and thrombosis limits their application
as small diameter artificial blood vessels.60 Rapid endothelial-
ization is an effective strategy to create an antithrombotic
artificial blood vessel surface. Many methods have been
investigated to enhance the endothelialization of implants.
For artificial blood vessels, cell seeding is one of the fascinating
strategies. Therefore, endothelial progenitor cells have been
usually used in cell seeding strategy,61 because they can
regenerate the function of ischemic organs by stimulating the
re-endothelialization of injured blood vessels.62 In addition,
antibodies and peptides have also been widely used in the
modification of artificial blood vessels.21

In order to endow the surface of artificial blood vessels with
special EC adhesion function, REDV, CAG, and SVVYGLR
peptides have been widely investigated to modify biomaterial
surface in vitro and in vivo.63,64 Among these peptides, REDV
peptide could be recognized and adhered by α4β1 integrin on
the membrane of ECs. REDV peptide modified implants have
been demonstrated to have important application prospects
because of the enhancement of selectivity of ECs over SMCs.65

Recently, several modified PEI gene carriers for the delivery
of ZNF580 gene have been reported by our research group.66

The proliferation and migration of ECs are promoted by the
complexes of modified PEI gene carrier/pZNF580.25,26,67

Figure 10. Results of transwell assay: (a) cells treated with neither
NPs/pZNF580 complexes nor the Lipofectamine 2000 group served
as the negative control group, (b) cells treated with REDV-g-PEI-g-
P(LA-co-GA)-g-PEI-g-REDV1 based NPs/pZNF580 complexes, (c)
cells treated with REDV-g-PEI-g-P(LA-co-GA-co-MMD)-g-PEI-g-
REDV1 based NPs/pZNF580 complexes, (d) cells treated with
Lipofectamine 2000 group served as the positive control group.

Figure 11. Immunofluorescence images of ECs and SMCs transfected
by REDV-g-PEI-g-P(LA-co-GA)-g-PEI-g-REDV1 based NPs/pZNF580
complexes in the coculture system: (a) image of ECs and SMCs
coculture system after 24 h, (b) cell nucleus images of ECs and SMCs
dyed by DAPI, (c) images of cultured ECs by anti-CD31 antibody
(FITC labeled CD31), and (d) images of cultured SMCs by anti-α-
SMA antibody (RBITC labeled α-SMA).
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Nevertheless, these complexes could not be selectively adhered
by ECs in the coculture system. Therefore, it is necessary to
develop an actively targeting gene delivery system to specifically
transfect ECs in the coculture system.
The special adhesion of REDV peptide gives us an

inspiration to prepare targeting gene carriers for ECs. With
great interest, we synthesized a series of biodegradable block
copolymers with EC-targeting functional peptide, subsequently
prepared the EC-targeting NPs from these copolymers. Herein,
these copolymers were synthesized from MMD, L-LA, and GA
by ring-opening polymerization and then grafting reaction of
PEI and CREDVW peptide. MMD and GA were used to adjust
the degradation of the copolymers. The hydrophobic cores of
NPs were formed by P(LA-co-GA) or P(LA-co-GA-co-MMD)
segments, which provided physically cross-linking points for
PEI chains. On the surface of NPs, REDV peptide as the ligand
could be recognized by integrin receptors.
The zeta potential of targeting NPs prepared in the present

paper ranged from 24.1 ± 0.9 to 31.6 ± 0.6 mV. Owing to the
positively charged surface of the NPs, they could compact
pZNF580 to form NPs/pZNF580 complexes. The size of the
NPs ranged from 66.3 ± 10.5 to 75.1 ± 6.1 nm, which is
beneficial for endocytosis by ECs.68 Because of several targeting
peptides on the surface of NPs/pZNF580 complexes, these
targeting complexes were preferentially selected and adhered to
by ECs in the coculture system. However, due to the
electrostatic interaction between positively charged NPs/
pZNF580 complexes and negatively charged cell membranes,
in the control group, NPs without actively targeting peptides
could not be selected and adhered specifically by both ECs and
SMCs in coculture system.69

After the release of pZNF580 gene from NPs/pZNF580
complexes in the transfected ECs, pZNF580 gene finally
expressed in the nucleus (Figure 4). The results of the transwell
assay showed that the migration ability of ECs transfected by
targeting NPs/pZNF580 complexes was promoted significantly
by the expression of pZNF580 gene.
Furthermore, NPs and their complexes were prepared from

REDV peptide grafted triblock copolymer of PEI-g-P(LA-co-
GA-co-MMD)-g-PEI and PEI-g-P(LA-co-GA)-g-PEI, and con-
densation with pZNF580, respectively. The nontargeting
complexes were also prepared and used as control group to
evaluate the proliferation and migration of ECs in the coculture
system of ECs and SMCs. Compared with an actively targeting
NPs/pZNF580 gene delivery system, the nontargeting NPs/
pZNF580 complexes could not be selected specifically by ECs
over SMCs. The targeting NPs/pZNF580 complexes could be
specifically selected by ECs; thus, they could promote the
proliferation of ECs. Therefore, these actively targeting NPs/
pZNF580 complexes might be used for efficient proliferation
and migration of ECs, and show great potential for rapid
endothelialization of artificial blood vessels.

5. CONCLUSIONS
We reported a strategy for proliferation and migration of ECs
based on actively targeting NPs/pZNF580 complexes, which
exhibited outstanding endothelial cell targeting performance
with low cytotoxicity. The excellent endothelial cell selective
performance enabled the proliferation and migration of ECs in
the coculture system by actively targeting transfection with
these complexes. Therefore, the actively targeting NPs/
pZNF580 complexes should have great potential application
for rapid endothelialization of artificial blood vessels.
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