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Tissue engineering scaffolds with gene delivery function play an important role in DNA-based vascular

tissue engineering. In the present work, we used biodegradable polyester–polydepsipeptide, silk fibroin

(SF) and gene complexes to prepare electrospun scaffolds encapsulating gene complexes in order to

enhance the proliferation of endothelial cells. A series of nanofibrous scaffolds with different properties

including fiber diameter, hydrophilicity, porosity and mechanical properties were prepared by

electrospinning technology with adjusting the weight ratio of poly(3-caprolactone)-b-poly(isobutyl-

morpholine-2,5-dione) (PCL-PIBMD) and SF. PCL-PIBMD/SF blend scaffolds were optimized to obtain

the scaffolds with a weight ratio of 90/10 to have superior mechanical performance and good

biocompatibility. pEGFP-ZNF580 plasmid (pZNF580) complexes were electrosprayed onto these PCL-

PIBMD/SF blend scaffolds to promote the proliferation of endothelial cells. In order to maintain the

stability and integrity of plasmid complexes loaded in scaffolds, the composite scaffolds were fabricated

by alternatively layer-by-layer electrospinning and electrospraying techniques. These composite

scaffolds showed obviously low platelet adhesion and good histocompatibility. They could effectively

enhance the adhesion, spreading and proliferation of human umbilical vein endothelial cells. These

results indicated that the composite scaffolds could serve as an attractive platform to deliver therapeutic

genes for vascular tissue engineering.
1. Introduction

Tissue-engineered vascular gras have been rigorously pursued
as blood vessel substitutes due to the limitation of allogras in
clinical utility.1 Ideal vascular gras should not only possess
sufficient mechanical strength, good biocompatibility and
biodegradability, but also have bioactivity and anticoagulant
properties.2 However, compared to natural blood vessel, tissue-
engineered vascular gras usually encounter the problems of
thrombosis and low long-term patency aer transplantation
due to the lack of complete endothelial cell (EC) layer.3 ECs form
nology, Tianjin University, Yaguan Road

feng@tju.edu.cn; Fax: +86-22-27401999;

ical Science and Chemical Engineering

China

siology, Logistics University of Chinese

, China

Wenzhou Medical University, Wenzhou,

ngineering, CNITECH, CAS, Wenzhou,

sthacht, Joint Laboratory for Biomaterials

, China

inistry of Education), Tianjin University,

4

the innermost layer of natural blood vessel in vivo and play
a vital role in keeping the patency of natural blood vessel.
Hence, rapid endothelialization has been extensively investi-
gated with the purpose of improving biocompatibility, pre-
venting intimal hyperplasia and subsequently maintaining the
long-term patency of articial vascular gras.4–6 In order to
realize the goal of rapid endothelialization, scaffolds with
bioactive molecules, growth factors and gene delivery as well as
surface modication have been extensively studied.3,7–9

However, the bioactivity and function of bioactive molecules,
growth factors and genes can be easily affected by organic
solvents and harsh conditions during the preparation of scaf-
folds.9,10 It is a key point to maintain the complete structure and
functionality of cargo in scaffolds so as to keep gene's
biofunctions.

Currently, gene therapy presents a new strategy to enhance
endothelialization in vascular tissue engineering because
a newly formed endothelial layer can rapidly spread on the
surface of articial vascular gras via transfected ECs.11–14

Compared with growth factor delivery, gene delivery is more
efficient and effective, which makes it promising for vascular
tissue engineering. Recently, our group developed several kinds
of gene complexes with excellent transfection efficiency in
vitro.15–21 The biodegradable gene carriers were functionalized
with targeting REDV peptide to exhibit low cytotoxicity,
This journal is © The Royal Society of Chemistry 2017
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favorable targeting function as well as high transfection effi-
ciency.22 This investigation provides an insight that pZNF580
gene complexes can be combined with vascular gras to
promote endothelialization for revascularization. The combi-
nation of gene therapy and vascular tissue engineering can
result in a powerful synergism of treatment options for regen-
erative medicine.

DNA-based therapeutics were administrated systematically
in vitro and in vivo to stimulate tissue regeneration.23–25

However, efficient approaches for delivering plasmid complexes
with maintaining their complete structure and functionality to
specic tissue via scaffolds were rarely studied. Recently, our
group reported that PLGA/SF scaffold and PCL-PIBMD scaffold
with plasmid complexes could promote the proliferation of ECs
in vitro.26,27 However, in view of the bloodstream owing force in
vivo, the stability of plasmid complexes which just attached
onto the surface of scaffold is still in doubt. Based on our
previous work, we developed a simple and feasible method,
named “alternatively layer-by-layer electrospinning and elec-
trospraying techniques”, in order to enhance the amount and
stability of plasmid complexes loaded in scaffolds. This method
could favorably protect plasmid complexes from organic
solvents during electrospinning and effectively promote
stability of gene complexes simultaneously, which is benecial
to maintain their complete structure and functionality. Luu
et al. incorporated plasmid DNA into polymer scaffold using
blend electrospinning and indicated that the plasmid DNA
released from the scaffold was still capable of cellular trans-
fection.28 Although blend electrospinning is considered rela-
tively easy to perform, it may lead to the activity loss of
incorporated biomolecules, especially for proteins.9 Therefore,
it could be assumed that plasmid complexes embedded in
a sandwich-like composite scaffold using alternatively layer-by-
layer electrospinning and electrospraying techniques could take
signicant advantages for keeping its own integrity and bioac-
tivity as well as promoting endothelialization.

Electrospun polymeric nanobers could closely mimic the
natural extracellular matrix (ECM) morphology and are attrac-
tive materials for localized delivery of therapeutics.29–31 Elec-
trospinning technology, which can fabricate nanobrous
scaffolds with high surface area and 3D porous microstructure
similar to ECM, is regarded as a simple and efficient method to
prepare scaffolds.32,33 It could produce nanobrous scaffolds
with ber diameters varying from nanoscale to several microns,
and unique three-dimensional structure for cell proliferation
and inltration as well as nutrient transport. More importantly,
it is convenient to encapsulate and deliver biologically active
molecules, such as growth factors,34,35 siRNAs36–38 and DNAs39,40

within the electrospun nanobers to modulate cellular func-
tions and tissue responses. Raery et al. reported that chitosan–
pDNA nanoparticles incorporated in collagen-based scaffolds
showed high transfection efficiency in mesenchymal stem cells
and had potential for therapeutic applications in bone and
cartilage tissue engineering.41 Zhao et al. delivered rhBMP-2
plasmid DNA complexes to the pre-osteoblastic cell line via
a PLLA/collagen electrospun scaffold and induced ectopic bone
formation.42 However, few reports about scaffold-based plasmid
This journal is © The Royal Society of Chemistry 2017
DNA delivery as well as maintaining the complete structure and
functionality of plasmid complexes within composite scaffolds
in vascular tissue engineering have been published.

In this paper, on the one hand, we expect to effectively
deliver plasmid complexes via composite scaffolds to ECs so as
to achieve the combination of gene therapy and tissue engi-
neering in regeneration medicine; on the other hand, we
attempt to maintain the complete structure and functionality of
plasmid complexes in the scaffolds with the purpose of keeping
the bioactivity of scaffolds via a relatively simple and effective
electrospinning technology. We have previously demonstrated
that REDV peptide-modied pEGFP-ZNF580 plasmid complexes
could target-deliver pZNF580 gene to ECs and exhibit high
transfection efficiency.22 Moreover, REDV peptide has been
widely used in surface modication and gene delivery system to
selectively target ECs via cell surface receptor integrins. The aim
of this paper is to prepare a sandwich-like composite scaffold
embedded with plasmid complexes by alternatively layer-by-
layer electrospinning and electrospraying techniques using
PCL-PIBMD, silk broin (SF) and plasmid complexes. It is the
rst time to prepare PCL-PIBMD and SF blend scaffold, in which
PCL-PIBMD provides it with high mechanical strength and SF
with cell affinity sites. For the sandwich-like composite scaffold,
the layer of plasmid complexes between the nanober layers
could help better maintain their own integrity and functions,
and further regulate the cellular behavior of ECs. Herein,
micromorphology, mechanical properties, surface wettability,
porosity were evaluated so as to determine the optimized blend
PCL-PIBMD/SF scaffolds. Further, the effect of plasmid
complexes on nanober morphology, hemocompatibility and
histocompatibility was evaluated. The composite scaffolds
loaded with plasmid complexes were evaluated by cell prolif-
eration, cell spreading and uorescein diacetate (FDA) staining
assay. This strategy is relatively convenient and effective and
can be used to create a platform for scaffold-mediated gene
therapy in vascular tissue engineering.

2. Experimental section
2.1. Materials

Poly(3-caprolactone)-b-poly(isobutyl-morpholine-2,5-dione)
(PCL-PIBMD) composed of polyester segments and poly-
depsipeptide segments were synthesized from PCL-diol and
PIBMD-diol with 2,2,4-, 2,4,4-trimethylhexamethylene diiso-
cyanate (TMDI) as a coupling agent in previous work.43 SF was
extracted from Bombyx mori cocoons as previously described.44

1,1,1,3,3,3-Hexauoro-2-propanol (HFIP, 99.5%) was bought
from Beijing HWRK Chem Co., Ltd., China. Lactide (LA) and
glycolide (GA) were obtained from Foryou Medical Device Co.,
Ltd. (Huizhou, China). Poly(ethylene glycol) monomethyl ether
(mPEG, Mw ¼ 1.9 kDa), stannous octoate (Sn(Oct)2), branched
PEI (Mw ¼ 10 kDa) and uorescein diacetate (FDA) were all
purchased from Sigma-Aldrich (St. Louis, MO, USA). Dimethyl
sulfoxide (DMSO) was purchased from Sigma (St. Louis, MO).
CREDVW peptide was obtained from GL Biochem (Shanghai,
China) Ltd. pEGFP-ZNF580 plasmids (pZNF580) were preserved
by department of physiology and pathophysiology, Logistics
RSC Adv., 2017, 7, 39452–39464 | 39453
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University of Chinese People's Armed Police Force. Other
chemicals were of analytical grade from Jiangtian Chemicals
(Tianjin, China).

2.2. Preparation of spinning solution

PCL-PIBMD and SF was dissolved in HFIP to prepare 10% (w/v)
mixed solution with a serious of PCL-PIBMD/SF weight ratios
(i.e., 100/0, 90/10, 70/30, 50/50, 30/70, 10/90, w/w). The mixture
was agitated overnight on a magnetic stirrer at room tempera-
ture to form homogenous solutions.

2.3. Preparation of MPs and MPs/pZNF580 complexes
suspension

The microparticles (MPs) and MPs/pZNF580 suspension were
prepared as our previous work described.22 Briey, mPEG-b-
PLGA diblock copolymers were synthesized by ring-opening
polymerization (ROP) of LA and GA monomers. Then, PEI and
CREDVW peptides were conjugated to mPEG-b-PLGA diblock
copolymers sequentially. MPs composed of mPEG-b-PLGA-g-
PEI-REDV were created via nanoprecipitation technology and
MPs/pZNF580 complexes were obtained by adding pEGFP-
ZNF580 (pZNF580) plasmid solution to MPs suspension at N/P
molar ratio of 20, which exhibited high transfection efficiency
in endothelial cells.22 Transmission electron microscope (TEM,
JEM-2100F, Japan) was used to characterize the morphology of
MPs and MPs/pZNF580 complexes at 200 kV accelerating
voltage.

2.4. Electrospinning PCL-PIBMD/SF to fabricate
nanobrous scaffolds

PCL-PIBMD/SF mixed solution with different weight ratio was
fed into a 5 mL syringe with an inner diameter of 0.7 mm blunt-
tip needle, which connected the high voltage supply (Dongwen
High Voltage Company, Tianjin, China). The syringe was xed
on a single-syringe infusion pump (749000-05, Cole-Parmer
instrument company, Beijing, China) to deliver the spinning
solution. The solutions were electrospun at a ow rate of
0.6 mL h�1, a high voltage of 18 kV and a distance of 16 cm
between the collector and needle tip. And then the resulting
scaffolds were immersed in anhydrous ethanol for 15 min to
induce a b-sheet conformational transition of SF to enhance the
insolubility of scaffolds in water. The post-treated scaffolds were
dried in vacuum oven at 37 �C overnight for further use. Wide-
angle X-ray scattering (WAXS) was performed to determine the
crystallinity of post-treated scaffolds using a Bruker D8
ADVANCE X-ray diffractometer (XRD) with CuKa radiation at
35 kV and 30 mA. Data were collected from 5� to 55� with
a scanning speed of 5� min�1 in a continuous mode.

The composite scaffolds embedded with MPs and MPs/
pZNF580 complexes were fabricated using alternatively layer-
by-layer electrospinning and electrospraying techniques.
Briey, PCL-PIBMD/SF nanobers were rstly collected on the
aluminum foil for 2 h with the same experimental parameters
as mentioned above, and then MPs or MPs/pZNF580 suspen-
sion was electrosprayed onto the surface of PCL-PIBMD nano-
brous matrix for 1.5 h with applied voltage of 15 kV and feed
39454 | RSC Adv., 2017, 7, 39452–39464
rate of 0.4 mL h�1. The procedure was repeated three times to
complete the composite scaffolds with MPs/pZNF580 at the
outermost layer.
2.5. Characterization of electrospun scaffolds

2.5.1. Microstructure and diameter of electrospun nano-
bers. The microstructure of nanobrous scaffold was observed
by eld emission scanning electron microscope (FE-SEM,
Hitachi S-4800, Japan) at an accelerating voltage of 10 kV. A
thin gold lm was coated onto the brous meshes by a gold
sputtering coater for 30 s to increase electroconductivity. The
average diameter of electrospun nanobers was measured by
Image J soware from SEM micrographs.

2.5.2. FT-IR measurements. Attenuated total reection
Fourier transform infrared spectroscopic analysis (ATR-FTIR,
Nicolet 6700, USA) was utilized to characterize the composi-
tion and conformational changes of brous scaffolds with
a spectral range of 4000–400 cm�1. All spectra were obtained in
reection mode on a diamond crystal by the accumulation of 32
scans with a resolution of 2 cm�1.

2.5.3. Mechanical properties measurements. The mechan-
ical properties of electrospun membranes with rectangular
shape of 10 mm in width and 50 mm in length were measured
by a tensile testing instrument (WDW-02, Changchun, China)
equipped with a 100 N load cell. The cross-head speed was
5 mm min�1 and the gauge length was 30 mm. The samples
were rst immersed in phosphate buffer saline (PBS, pH 7.4) for
2 h with the purpose of mimicking the application environment
and then xed on the clamp to start tests. Five specimens were
tested to calculate an average value for each sample.

2.5.4. Water contact angle measurements. The static water
contact angle (WCA) of nanobrous scaffolds was measured by
the sessile drop method using a contact angle instrument
(Krüss Easy Drop goniometer, Hamburg, Germany) at room
temperature. The scaffolds were cut into rectangle with
dimension of 10 mm � 20 mm. The droplet volume was set as
3 mL and the instantaneous WCA was recorded within 0.5 s to
avoid the absorption effect of water droplet by the substrate.
Five measurements of each sample were used to calculate an
average value.

2.5.5. Porosity testing. Square specimen was cut from the
PCL-PIBMD nanobrous scaffolds carefully and its volume (V)
was accurately determined by measuring its length, width and
thickness. The specimen mass (M) was also measured by an
analytical balance with high precision of 10�5 g. The apparent
density (r) of each specimen was calculate from its volume (V)
and mass (M) by eqn (Ι) via multi-measurement average. The
porosity (3) was calculated from r and bulk density (r0) by eqn
(III).

r ¼ M

V
(I)

r0 ¼
rPCL-PIBMD � rSF

WPCL-PIBMD%� rSF þWSF%� rPCL-PIBMD

(II)
This journal is © The Royal Society of Chemistry 2017
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3% ¼
�
1� r

r0

�
� 100% (III)

where rPCL-PIBMD¼ 1.1946 g cm�3, rSF¼ 1.10 g cm�3,WPCL-PIBMD

and WSF denote the mass ratio of PCL-PIBMD and SF in the
scaffold respectively.

2.6. Biology experiments

2.6.1. Platelet adhesion assay. The platelet adhesion of
PCL-PIBMD/SF, PCL-PIBMD/SF-MPs and PCL-PIBMD/SF-MPs/
pZNF580 composite scaffolds was evaluated using previously
reported method.45 The scaffolds were placed in 24-well culture
plates and immersed in PBS (pH 7.4) for 12 h, and then incu-
bated in platelet-rich plasma (PRP, 108 platelets per mL) at
37 �C for 2 h. Aer rinsing with PBS several times to remove
non-adherent platelets, the samples were xed in 2.5 wt%
glutaraldehyde in PBS for 30 min. At last all samples were
dehydrated with gradient ethanol solution and dried in vacuum
oven. Platelet attachment on different scaffolds was observed
using SEM to evaluate the hemocompatibility.

2.6.2. Cell culture. Human umbilical vein endothelial cells
(HUVECs) were bought from Allcells Biomart (Shanghai, China)
and cultured in Dulbecco's modied Eagle medium (DMEM,
Gibco, USA) supplemented with 10% fetal bovine serum (FBS,
Gibco), 100 mg mL�1 penicillin and 100 mg mL�1 streptomycin
in an incubator (37 �C, 5% CO2). Fresh culture medium was
changed every other day until the HUVECs reached about 90%
conuence, and then the cells were trypsinized to subculture
according to the standard procedure. The cell densities during
all experiments were accurately determined by a hematocy-
tometer and all specimens were sterilized before cell studies.

2.6.3. CCK-8 assay. Cell counting kit assay (CCK-8, Beyo-
time, China) was utilized to evaluate the cell proliferation of
HUVECs on sandwich-like PCL-PIBMD/pZNF580 scaffolds at
time points of 1, 3 and 5 days. HUVECs were seed at a density of
1 � 104 cells per well onto the scaffolds in 96-well culture plate
at 37 �C in 5% CO2. A 20 mL CCK-8 solution was added to each
well and incubated for 4 hours at predetermined points (2 days).
Then 150 mL mixture was transferred into another 96-well
culture plate for measurement. The optical density (OD) of each
well was measured using a microplate reader (Bio-Rad,
IMARK™) at a test wavelength of 450 nm. The OD values of
each well were used to represent the survival/proliferation of
HUVECs. All results were obtained from three parallel
measurements.

2.6.4. FDA staining assay. Fluorescein diacetate (FDA)
staining assay was used to investigate the adhesion, spread and
proliferation of HUVECs. The cell-seeded scaffolds were
prepared as above, and then the samples were analysed by FDA
assay method at predetermined time points (1, 3 and 5 days).
Briey, FDA solution (5 mg mL�1 in acetone) were added to 96-
well culture plate to stain the HUVECs on the scaffolds for
30 min and then the sample were washed with D-Hanks solu-
tion thrice. Aerwards, the adhered HUVECs were stained with
FDA and images were obtained using the inverted uorescent
Microscope (Olympus CKX41, Tokyo, Japan). The cell densities
(number of cells per mm2, N mm�2) on the composite scaffolds
This journal is © The Royal Society of Chemistry 2017
were determined by Image-Pro Plus soware according to three
random uorescence images.

2.6.5. Cell adhesion assay. Composite scaffolds were ster-
ilized and cut to t the size of 96-well plate rst. Then the
scaffolds were put into 96-well culture plates and HUVECs were
trypsinized, counted and plated at a density of 1 � 104 cells per
well onto the surface of scaffolds. The culture condition was set
as 37 �C and 5% CO2. Aer 1, 3 and 5 days of cell culture, the
composite scaffolds were harvested, and rinsed thrice with PBS
to remove non-adherent cells and xed with 2.5% glutaralde-
hyde at 4 �C for 2 h. The scaffolds were dehydrated using
gradient ethanol solution from 50% to 100% in the concentra-
tion difference of 10% for 10 min, and then lyophilized. SEM
was used to evaluate cell morphology and adhesion to the
scaffolds at an accelerating voltage of 10 kV. The coverage ratios
of HUVECs on the composite scaffolds were calculated from
three random SEM images using Image J soware.

2.6.6. In vivo subcutaneous implantation assay. Animal
studies were conducted in the department of physiology and
pathophysiology, Logistics University of Chinese People's
Armed Police Force, which has an SPF fully enclosed animal
feeding room and standard animal experimental facilities. All
animal experiments were performed in compliance with the
Guidelines on the Humane Treatment of Laboratory Animals
(Ministry of Science and Technology of China, 2006) and
approved by the Animal Care Committee and Laboratory
Animal Administration Rules of Logistics University of Chinese
People's Armed Police Force (Tianjin, China). Six Sprague-
Dawley rats (weight about 125 g, aged from 2 to 3 months)
were used for this study and randomly divided into three groups
(two rats per group). Pre-sterilized PCL-PIBMD/SF, PCL-PIBMD/
SF-MPs and PCL-PIBMD/SF-MPs/pZNF580 composite scaffolds
with diameter of 6 mm were subcutaneously implanted in both
sides of the back. Aer 2 weeks, the samples with surrounding
tissue were excised to evaluate the tissue response. The as-
obtained tissue samples were xed in 10% formaldehyde for 2
days and then dehydrated in gradient ethanol, saturated with
xylene, imbedded in paraffin for further histological analysis
including hematoxylin and eosin (H&E) staining and Masson's
trichrome staining.
2.7. Statistical analysis

All data were represented as mean � SD (standard deviation of
the mean value) at least three parallel measurements and
compared by using one-way ANOVA tests. A p-value less than
0.05 indicated statistically signicant differences between
groups.
3. Results and discussion
3.1. Morphology and microstructure of PCL-PIBMD/SF
scaffolds

Many electrospinning parameters can affect the morphology
and dimension of nanobers, such as the distance from tip to
collector, solvent, applied voltage and ow rate. Usually, closer
distance between the tip and collector yields smaller bers.
RSC Adv., 2017, 7, 39452–39464 | 39455
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Meanwhile, it is worth noting that a minimum distance is
required to guarantee the complete evaporation of solvent from
the electrospun nanobers, otherwise nanobers with beads
may occur when the distance is too close or too far. The elec-
trospinning solvent should possess high volatility, low boiling
point and high vapor pressure. The solvent plays a signicant
role in the formation of nanostructure because it affects the
surface tension and phase separation. The SEM micrographs of
PCL-PIBMD/SF blend scaffolds with different weight ratio are
shown in Fig. 1. No nodules were observed in all blend scaf-
folds, and the nanobers were smooth and continuous when
electrospinning was carried out at a ow rate of 0.6 mL h�1,
a high voltage of 18 kV and a distance of 16 cm between the
collector and needle tip. These results indicated that the
selected parameters were proper and the solvent had evapo-
rated in electrospinning process. The average diameter of
nanobers decreased from 573.8 � 18.3 nm to 285.1 � 23.3 nm
with SF content increasing from 0 to 90%, because the electrical
conductivity of electrospinning solution increased along with
the addition of negatively charged SF.46 The high conductivity
induced high elongation and drawing force on the jet, which
benets to form the nanobers with small diameter. For
example, when SF content was 10%, the average diameter was
516.8� 12.9 nm; when SF content increased to 70%, the average
diameter decreased to 340.5 � 9.1 nm accordingly.
Fig. 1 SEM micrographs of electrospun PCL-PIBMD/SF nanofibrous scaff
70/30, (D) 50/50, (E) 30/70, (F) 10/90 and (G) average diameter of electro
� SD.)
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3.2. ATR-FTIR analysis of PCL-PIBMD/SF scaffolds

ATR-FTIR analysis was utilized to characterize the composition
and functional groups of PCL-PIBMD/SF blend scaffolds. As
shown in Fig. 2, the absorption signal at 3288 cm�1 was the
characteristic peak of secondary amide (–NH–) stretching
vibration in the IBMD segment. The absorption peaks at 2952
and 2870 cm�1 were attributed to the stretching vibration of
saturated C–H bonds in the methyl (–CH3) and methylene
(–CH2–). Carbonyl bond (–C]O) is the most easily distin-
guished group in a spectrum.47 In the spectrum of PCL-PIBMD/
SF scaffolds, the strong absorption at 1731 cm�1 referred to the
–C]O stretching vibration, and correspondingly the signals at
1245 and 1162 cm�1 resulted from –C]O bending vibration
and –C–O– stretching vibration, respectively. Moreover, PCL-
PIBMD/SF scaffolds exhibited two strong peaks at 1650 and
1532 cm�1, which are the typical absorption peaks of SF with b-
sheet conformation. The absorption peak at 1162 cm�1 became
weaker gradually with the increase of SF content in the PCL-
PIBMD/SF blend scaffolds.
3.3. Mechanical properties of PCL-PIBMD/SF scaffolds

Tissue engineering vascular scaffolds need to possess sufficient
mechanical strength to meet the demands in clinical applica-
tion. Articial vascular scaffolds with inadequate mechanical
olds with various PCL-PIBMD/SF weight ratio: (A) 100/0, (B) 90/10, (C)
spun PCL-PIBMD/SF nanofibrous scaffolds. (Error bars represent mean

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 ATR-FTIR of electrospun PCL-PIBMD/SF nanofibrous scaffolds
with various PCL-PIBMD/SF weight ratio: (A) 100/0, (B) 90/10, (C) 70/
30, (D) 50/50, (E) 30/70, (F) 10/90.

Fig. 3 Tensile strength and elongation at break of electrospun PCL-
PIBMD/SF nanofibrous scaffolds with various PCL-PIBMD/SF weight
ratio. (Error bars represent mean � SD.)
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strength could not bear blood ow force aer vascular trans-
plantation, which likely leads to the failure of vascular surgery
and threatens the lives of patients. It is well known that the
tensile strength of fresh carotid arteries is about 1.76–2.64 MPa
and elongation at break is about 110–200%.48 Fig. 3 shows the
tensile strength and elongation at break of PCL-PIBMD/SF
scaffolds with different weight ratios. Along with increasing
SF content in PCL-PIBMD/SF blend scaffolds, the tensile
strength of scaffolds decreased from 7.94 � 0.09 to 1.63 �
0.17 MPa and elongation at break varied from 169 � 30% to 12
� 3%, respectively. When the weight ratio of SF was 10%, the
tensile strength and elongation at break of scaffolds were found
to be 7.05 � 0.34 MPa and 210 � 21%, which was suitable for
vascular scaffolds.
Fig. 4 Water contact angle of electrospun PCL-PIBMD/SF nano-
fibrous scaffolds with various PCL-PIBMD/SF weight ratio. (Error bars
represent mean � SD.)
3.4. Surface wettability of PCL-PIBMD/SF scaffolds

Surface wettability is regarded as one of the most important
surface properties affecting the biological response of an
implanted prosthesis, including cell attachment, spreading,
growth and proliferation. WCA measurements were performed
to investigate the surface wettability of PCL-PIBMD/SF scaffolds.
As shown in Fig. 4, PCL-PIBMD nanobrous scaffolds showed
the highest WCA value of 132.8 � 1.9� among all scaffolds. It is
evident that the WCA values decreased with increasing SF
content in PCL-PIBMD/SF blend scaffolds. For example, WCA
value of the scaffolds with the weight ratio of 90/10 was 123.1 �
1.3�. When SF content reached to 90%, the scaffolds merely
exhibited moderately hydrophilic characteristics with a WCA
value of 82.7 � 4.5�. However, it is noteworthy that the decline
was not so remarkable as we expected. The possible reason is
that ethanol treatment resulted in the increase of parallel
folding crystalline structure of SF in the scaffolds, which
weakened the hydrophilicity. WAXS results conrmed this
(Fig. 5). The XRD patterns of PCL-PIBMD/SF blend scaffolds
exhibited the characteristic peaks related to PCL-PIBMD and SF.
This journal is © The Royal Society of Chemistry 2017
The crystallinity of PCL-PIBMD/SF scaffolds with the weight
ratio from 100/0 to 10/90 was 37%, 43%, 28%, 25%, 16% and
11% respectively, showing a decreasing trend with the increase
RSC Adv., 2017, 7, 39452–39464 | 39457
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Fig. 5 X-ray diffraction patterns of ethanol-treated electrospun PCL-
PIBMD/SF nanofibrous scaffolds with various PCL-PIBMD/SF weight
ratio: (A) 100/0, (B) 90/10, (C) 70/30, (D) 50/50, (E) 30/70, (F) 10/90.
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of SF content. The crystalline region of PCL-PIBMD and SF is
incompatible and prone to phase separation. SF can hinder
PCL-PIBMD to form crystalline structure. The intensity of the
peak at 22.5� corresponding to SF became strong with the
increase of SF content, while the intensity of crystallization peak
at 8.8� related to PCL-PIBMD became weak. SF can change the
crystallinity and wettability of scaffold materials.
3.5. Porosity of PCL-PIBMD/SF scaffolds

The high porosity of a scaffold is of signicance to complete
efficient cell inltration.49 A low porosity may limit cell migra-
tion in a biodegradable scaffold, which is not suitable for tissue
engineering.50 As shown in Fig. 6, the porosity of scaffolds
clearly exhibited a decreasing tendency along with SF increase.
The porosity was 75.6 � 3.0%, 70.1 � 2.1%, 64.8 � 1.0%, 58.3 �
Fig. 6 Porosity of electrospun PCL-PIBMD/SF nanofibrous scaffolds
with various PCL-PIBMD/SF weight ratio. (Error bars represent mean�
SD.)

39458 | RSC Adv., 2017, 7, 39452–39464
4.7%, 52.1 � 8.4% and 27.5 � 7.4% for PCL-PIBMD/SF scaffolds
with weight ratios of 100/0, 90/10, 70/30, 50/50, 30/70, 10/90,
respectively. The results were consistent with previous studies,
which demonstrated that the low porosity of a scaffold could be
formed by increasing the ber packing density during electro-
spinning.51,52 Small-diameter nanobers could result in a high
packing density, thus easily producing a scaffold with low
porosity, while large-diameter nanobers formed scaffolds with
high porosity. For example, PCL-PIBMD with diameter of 573.8
� 18.3 nm had a high porosity of 75.6 � 3.0%. Considering the
above properties, we chose PCL-PIBMD/SF scaffolds with weight
ratio of 90/10 for further study.
3.6. Morphology of pZNF580 complexes-containing
composite scaffolds

MPs and MPs/pZNF580 complexes were embedded into PCL-
PIBMD/SF scaffolds through alternatively layer-by-layer elec-
trospinning and electrospraying techniques. TEM was used to
observe the morphology of as-prepared MPs and MPs/pZNF580
complexes, and the images were shown in Fig. 7. They exhibited
round-shape with size distribution of 106 � 28 nm and 98 �
28 nm. Furthermore, SEM was used to elucidate whether MPs
were loaded into scaffolds or not, and whether the layer struc-
ture existed in the scaffolds. The surface and cross-section
micrographs of scaffolds were shown in Fig. 8. Compared
with blank scaffold (Fig. 8A1), the surface of scaffolds
embedded with MPs or MPs/pZNF580 complexes had a lot of
granular aggregates consisted of regular spheres at a larger
magnication (Fig. 8B1 and C1). Additionally, according to the
cross-section micrographs, the PCL-PIBMD/SF-MPs (Fig. 8B2)
and PCL-PIBMD/SF-MPs/pZNF580 (Fig. 8C2) scaffolds had
sandwich-like lay-structure. The lay-structure also contained
many round-shape microparticles with average diameter of
79 nm in line with the size of as-prepared MPs and MPs/
pZNF580. Collectively, these results demonstrated that MPs
and MPs/pZNF580 had been successfully embedded into PCL-
PIBMD/SF scaffolds.
3.7. Platelet adhesion test

For blood-contact materials, platelet adhesion plays an impor-
tant role in foreign-body reaction and thrombosis formation.53

Generally, the low platelet adhesion, the better hemocompati-
bility of biomaterial surface. In order to evaluate the hemo-
compatibility of PCL-PIBMD/SF-MPs/pZNF580 scaffolds,
platelet adhesion test was conducted with PCL-PIBMD/SF as
a control. The platelet adhesion on the scaffolds was observed
through SEM (Fig. 9). The results indicated that all experimental
groups had low platelet adhesion, but the PCL-PIBMD/SF scaf-
fold exhibited relatively higher platelet adhesion than PCL-
PIBMD/SF-MPs and PCL-PIBMD/SF-MPs/pZNF580 aer incu-
bating with PRP for 2 h. PCL-PIBMD/SF-MPs and PCL-PIBMD/
SF-MPs/pZNF580 scaffolds had barely platelet adhesion,
which most likely resulted from hydrophilic PEG in MPs to
inhibit platelet adhesion. It was also conrmed by the WCA
measurement, in which PCL-PIBMD/SF-MPs and PCL-PIBMD/
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 TEM images and size distribution of as-prepared MPs (A) andMPs/pZNF580 complexes (B) composed of mPEG-b-PLGA-g-PEI-REDV and
mPEG-b-PLGA-g-PEI-REDV/pZNF580, respectively.
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SF-MPs/pZNF580 scaffold had lowerWCA value than blank PCL-
PIBMD/SF scaffold (Fig. 9).
3.8. Proliferation of HUVECs on MPs/pZNF580-loaded
scaffolds

In order to determine cell response to MPs/pZNF580-loaded
scaffolds, HUVECs were seeded on these scaffolds, and the
cell proliferation was evaluated by CCK-8 assay on day 1, 3 and
5, respectively. Cells without treatment were used as a control.
As shown in Fig. 10, proliferation increased along with the
culture time, indicating cell proliferation proceeded normally.
On day 1, cell proliferation in PCL-PIBMD, PCL-PIBMD/SF-MPs
and PCL-PIBMD/SF-MPs/pZNF580 scaffold groups did not have
signicant difference. However, on day 3 and 5, cell prolifera-
tion in the PCL-PIBMD/SF-MPs/pZNF580 scaffold group was
evidently higher than those of the PCL-PIBMD and PCL-PIBMD/
SF-MPs scaffold groups. It was noteworthy that cell proliferation
in PCL-PIBMD/SF-MPs/pZNF580 scaffold group was almost
similar to the control on day 5, even though the slight cytotox-
icity of scaffold materials could inhibit cell proliferation to
some degree. The abovementioned results demonstrated that
the scaffolds containing MPs/pZNF580 complexes could
promote cell proliferation of HUVECs in accord with previous
studies.21–23
This journal is © The Royal Society of Chemistry 2017
3.9. Adhesion, spreading and migration of HUVECs on MPs/
pZNF580-loaded scaffolds

The surface properties of scaffolds notably inuence the adhe-
sion, spreading and migration of HUVECs, and eventually
determining whether the scaffold transplantation is successful
or not.54,55 The cellular growth behavior of HUVECs on MPs/
pZNF580-loaded scaffolds was investigated through FDA uo-
rescence staining assay and cell spreading assay on different
culture time (1, 3 and 5 day). The uorescence images and SEM
micrographs as well as the corresponding quantitative results
were presented in Fig. 11 and 12, respectively. It was found that
the number of HUVECs increased with culture time on three
different scaffolds in the uorescence images. Furthermore,
compared with the other three groups, HUVECs on MPs/
pZNF580-loaded scaffolds exhibited high growth rate, which
could be attributed to the high transfection ability of plasmid
complexes embedded in the composite scaffolds. The PCL-
PIBMD/SF-MPs scaffolds without pZNF580 also presented
a slightly higher cell number than blank PCL-PIBMD/SF scaf-
folds due to its moderate hydrophilicity resulted from PEG. For
example, the cell densities of PCL-PIBMD/SF-MPs and PCL-
PIBMD/SF-MPs/pZNF580 scaffolds were 265 � 6 N mm�2 and
358 � 10 N mm�2 on day 3, which were obviously higher than
that of blank PCL-PIBMD/SF scaffold (180 N mm�2). On day 5,
RSC Adv., 2017, 7, 39452–39464 | 39459
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Fig. 8 SEM micrographs of the surface and cross-section of composite scaffolds: the surface morphology of (A1) PCL-PIBMD/SF, (B1) PCL-
PIBMD/SF-MPs and (C1) PCL-PIBMD/SF-MPs/pZNF580 scaffold at a magnification of 10 000�; the cross-sectional morphology of (A2) PCL-
PIBMD/SF (1000�), (B2) PCL-PIBMD/SF-MPs and (C2) PCL-PIBMD/SF-MPs/pZNF580 scaffold (1500�), and larger magnification of the inset
boxes (A3, 10 000�; B3 and C3, 30 000�).

Fig. 9 Water contact angle and SEM micrographs of platelet adhesion on composite scaffolds: (A) PCL-PIBMD/SF scaffold; (B) PCL-PIBMD/SF-
MPs scaffold; and (C) PCL-PIBMD/SF-MPs/pZNF580 scaffold. (Red circles represent the location of platelets in the viewing zone.)
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HUVECs on the PCL-PIBMD/SF-MPs/pZNF580 scaffolds totally
overspread the viewing zone. The results of cell spreading assay
were similar to uorescence assay. HUVECs adhered, grew and
migrated on these scaffolds, and covered more area along with
culture time. The coverage ratio of PCL-PIBMD/SF, PIBMD/SF-
MPs and PCL-PIBMD/SF-MPs/pZNF580 scaffolds on day 3
were 33 � 2%, 46 � 1% and 66 � 3%, respectively. In addition,
HUVECs spread and migrated most quickly on the PCL-PIBMD/
SF-MPs/pZNF580 scaffold surface, and nearly covered full area
of these scaffolds on day 5. FDA uorescence staining assay and
cell spreading assay both conrmed that MPs/pZNF580-loaded
scaffolds could effectively promote adhesion, spreading and
migration of HUVECs.
39460 | RSC Adv., 2017, 7, 39452–39464
3.10. In vivo biocompatibility of MPs/pZNF580-loaded
scaffolds

Tissue compatibility is a substantial factor for successful
transplant of vascular scaffolds. The inammatory events
induced by implanted biomaterials are modulated by several
kinds of inammatory cells, such as macrophages, lymphocytes
and neutrophils. Unexpected tissue response may compromise
the safety, biofunction and performance of implanted devices
via complex interactions with biological component.56 Thus,
vascular scaffolds with slighter tissue responses are anticipated
as valuable candidates for clinic treatment. The tissue response
of composite scaffolds was evaluated by subcutaneous
implantation in Sprague-Dawley rats for 2 weeks. The repre-
sentative micrographs of H&E staining and Masson's trichrome
This journal is © The Royal Society of Chemistry 2017
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Fig. 10 CCK-8 value of HUVECs cultured on PCL-PIBMD/SF, PCL-
PIBMD/SF-MPs and PCL-PIBMD/SF-MPs/pZNF580 scaffold for 1, 3,
and 5 days. Cells without treatment served as a control. (Error bars
represent mean � SD. * denote statistically significant difference
between pairs.)
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staining are represented in Fig. 13. Although all implanted
scaffolds exhibited the inltration of inammatory cells with
different degrees, PCL-PIBMD/SF, PCL-PIBMD/SF-MPs and PCL-
Fig. 11 Fluorescencemicrographs (A) and cell density (B) of HUVECs cult
pZNF580 scaffold for 1, 3, and 5 days. Cells without treatment served as a
significant difference between pairs.)

This journal is © The Royal Society of Chemistry 2017
PIBMD/SF-MPs/pZNF580 composite scaffolds did not induce
obvious tissue toxicity and tissue response. For PCL-PIBMD/SF-
MPs/pZNF580 composite scaffolds, few granulations composed
of inammatory cells were observed compared with PCL-
PIBMD/SF and PCL-PIBMD/SF-MPs scaffolds according to the
micrographs of H&E staining, indicating a slight inammatory
response. In addition, as shown in the micrographs of Masson's
trichrome staining, a brous capsule (19 � 4 mm) generated at
the tissue/material interface for PCL-PIBMD/SF-MPs/pZNF580
composite scaffold, which was evidently thinner than those of
PCL-PIBMD/SF (27 � 6 mm) and PCL-PIBMD/SF-MPs (61 � 11
mm) scaffolds. Fibrous capsules usually separate the implanted
biomedical devices from normal host tissue, whichmay hamper
the performance of devices and induce a risk of infection at the
implanted site. In general, the thinner brous capsule implies
slighter tissue response.57 The introduction of plasmid
complexes into scaffolds attenuated the granulation and brous
capsule formation, which possibly resulted from the expression
of pZNF580 plasmids via an NF-kB signalling pathway.58 Over-
all, PCL-PIBMD/SF-MPs/pZNF580 composite scaffold had miti-
gated inammatory reaction around the implantation site, and
ured on PCL-PIBMD/SF, PCL-PIBMD/SF-MPs and PCL-PIBMD/SF-MPs/
control in figure. (Error bars represent mean� SD. * denote statistically

RSC Adv., 2017, 7, 39452–39464 | 39461
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Fig. 13 H&E staining and Masson's trichrome staining of subcutaneous tissue around PCL-PIBMD/SF, PCL-PIBMD/SF-MPs and PCL-PIBMD/SF-
MPs/pZNF580 scaffold after 2 weeks implantation. * represents the implant site of scaffold. Scale bar: 200 mm.

Fig. 12 SEM micrographs (A) and coverage ratio (B) of HUVECs cultured on PCL-PIBMD/SF, PCL-PIBMD/SF-MPs and PCL-PIBMD/SF-MPs/
pZNF580 scaffold for 1, 3, and 5 days. (Error bars represent mean � SD. * denote statistically significant difference between pairs.)

39462 | RSC Adv., 2017, 7, 39452–39464 This journal is © The Royal Society of Chemistry 2017
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could serve as an excellent and acceptable candidate of vascular
scaffolds for demanding long-term performance.

4. Conclusions

Sandwich-like composite scaffolds delivering plasmid
complexes with the purpose of maintaining the complete
structure and functionality of plasmid complexes were
successfully prepared using alternatively layer-by-layer electro-
spinning and electrospraying techniques. The layer composed
of plasmid complexes could evidently help plasmid complexes
maintain their own structure stability and function integrity in
the scaffolds. The composite scaffolds containing plasmid
complexes not only possessed superior mechanical properties,
moderate surface wettability, high porosity, good cytocompati-
bility, good hemocompatibility and excellent histocompati-
bility, but also promoted the proliferation, adhesion, spreading
and migration of HUVECs. Thus, these composite scaffolds
could be an ideal platform combining gene therapy and tissue
regeneration for application in vascular tissue engineering.
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