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f LBL structured nanofibrous
matrices with endothelial cells for tissue
regeneration†

Lei Cui,‡a Jing Li,‡a Yunze Long,b Min Hu,c Jinqing Li,a Zhanjun Lei,a Hongjun Wang,d

Rong Huang*a and Xueyong Li*a

To engineer functional vascular structures for reconstruction in tissue engineering, we evaluated the

feasibility of layer-by-layer (LBL) isotropic and anisotropic structured poly(3-caprolactone) (PCL)/

cellulose based nanofibers via electrospinning and LBL techniques in this study. The morphology of both

fibers was analyzed using field emission scanning electron microscopy (FE-SEM) and atomic force

microscopy (AFM). The aligned nanofibrous scaffold surface was nonthrombogenic as assessed using

a platelet adhesion test, and the antithrombogenicity of modified nanofibrous mats was increased greatly

with increased coating bilayers. Besides, human umbilical vein endothelial cells (HUVECs) were then

seeded onto the LBL structured nanofiber meshes and analyzed for cell adhesion, proliferation and

migration by FE-SEM, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), cell tracking

and cell migration assay. Moreover, the phenotypic expressions of HUVECs on LBL structured

nanofibrous matrices with either isotropic or anisotropic fiber organizations were studied by

immunofluorescent staining. Our data found that aligned nanofibers could guide morphogenesis and

regulate cytoskeleton organization of HUVECs, and further promote in vitro prevascularization by

facilitating phenotype-related protein expression and capillary-like tube formation as compared to

randomly oriented nanofibers. Furthermore, the implantation in vivo of aligned composite scaffolds

seeded with VECs demonstrated that the promoted host vessel infiltrated deep into the scaffolds and

integrated with in vitro prefabricated vascular structures with increasing coating bilayers. Together, these

findings supported our notion that the combination of aligned nanofibrous scaffolds and

prevascularization could therefore serve as a promising strategy for the development of implantable

functional vascular grafts by promoting rapid vascularization.
1. Introduction

To date, attempts to develop tissue engineering vascular gras
for replacing large-diameter (inner diameter > 6 mm) blood
vessels have been encouraging. However, the long-term patency
of small diameter (inner diameter < 6 mm) vascular gras has
remained disappointing over the past decade due to thrombus
formation1 and intimal hyperplasia.2 From this point of view,
tissue-engineered vessels consisting of vascular cells and novel
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supporting scaffolds3,4 may help to expedite endothelialization
of the vessel lumen, which could lead to decreased thrombosis
and neointimal thickening. Toward this end, a successful tissue
engineered vascular gra should possess fundamental biolog-
ical qualities including supporting cell growth and expansion
and anticoagulant activity until the endothelial cell lining is
fully achieved (hemocompatibility).5

Recently, prevascularization with endothelial cells have been
applied to promote vascularization of implanted scaffolds in
vivo.6,7 In this system, the vascular cells, such as endothelial
cells, are pre-seeded onto the scaffolds and incubated to form
vasculature8 in vitro and improve the patency of implanted
small-diameter gras.9–11 Moreover, cell seeded vascular
construct facilitate gra maturation and promote remodeling
when implanted in vivo.11 Hence both the viable endothelial
cells and supporting scaffold play a major role in achieving
patent engineered gras.12 Therefore, it is important to
construct articial microenvironment equipped with non-
thrombogenic interface to serve as cell carriers and provide
structural support for aiding the attachment, proliferation and
This journal is © The Royal Society of Chemistry 2017
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phenotypic maintenance of endothelial cells13–15 and further
promote vascularization upon implantation.

Among the strategies for promoting vascularization, the
electrospinning technology has enabled the creation of bers
on the micro- and nano-scale with enormous potential with
similar structure of native extracellular matrix (ECM), suitable
mechanical properties of blood vessels16 and controlled degra-
dation during remodeling17–19 in vascular tissue engineering.
Besides, the high surface area to volume ratio could allow for
the direct attachment of ECM ligands, growth factors, and other
biomolecules onto ber surfaces to locally modulate cell and
tissue function.20–24 Apart from the substrate topology, the
chemical composition of the biomaterials also provides
signaling cues to cells. In particular, the type I collagen, known
as the most abundant matricellular protein in the arterial ECM
network, provides the primary structural framework of the
blood vessel wall and harbors signaling cues for vascular cells.25

To better mimic the native ECM blood vessels, electrospun
collagen bers have been fabricated,26–28 however, the rapid
degradation and poor mechanical properties when untreated
with cross-linking lead to its unstability and limit its further
clinical application. Electrospinning a blend solution of cellu-
lose acetate (CA) and polycaprolactone (PCL), a biocompatible
and biodegradable synthetic polyester, can yield rather stable
nanobers and support the adhesion, proliferation and migra-
tion of skin broblasts as previously described.29 To immobilize
the above ECM proteins onto nanobers, functionalization of
nanobers is performed by layer-by-layer (LBL) self-assembly
technique rstly reported by Decher30 because LBL modica-
tion has been proven to be very effective strategy to promote the
biological function of skin cells. Besides, to improve the
antithrombogenicity of the small-diameter vascular gras,
a natural polymer, chitosan (CS) was chosen as the other
assembled material since the positive charge of CS retarded the
blood coagulation, which was consistent with the results of the
thrombin generation test as reported by He et al.31 In addition,
it has been noted that the orientation of nanobers are able to
support cell adhesion and guide cellular behavior,32 e.g., aligned
collagen I brillar matrices were proved to provide essential
cell–matrix interaction and guide corneal endothelial cell
alignment along the brils.33 Though the exact mechanism
remains unclear, it is believed that the electrospun nanober
could regulate cellular phenotype, which is critical to determine
the functionality of tissue-engineered vascular gras in vitro
and subsequently inuence the quality of vascularization upon
in vivo graing.

Taken together, we proposed the hypothesis that mechan-
ically appropriate and nonthrombogenic scaffolds for applica-
tion as vascularization for transplantation and even off-the-
shelf available vascular gras could be produced by
combining LBL modied scaffold designs and prevasculariza-
tion with endothelial cells.34 Our study is turning toward the
tissue engineering approach, which utilizes both biomimetic
nanobrous microstructure with isotropic (bers collected
randomly with no alignment) and anisotropic (bers collected
with alignment) topology and prevascularization to promote the
function of vascular gras.
This journal is © The Royal Society of Chemistry 2017
To verify this hypothesis, in this context, isotropic (bers
collected randomly with no alignment) and anisotropic (bers
collected with alignment) PCL–cellulose bers were fabricated
by electrospinning with a blend of PCL and CA and then bio-
functionalized by alkaline hydrolysis and the following depo-
sition of CS and type I collagen in this work. The morphology
and structure of prepared isotropic and anisotropic nanobers
were rstly studied using emission scanning electron micro-
scope (FE-SEM) and atomic force microscopy (AFM) measure-
ments. Secondly, the biological effect of anisotropic
nanobrous scaffolds on antithrombogenicity, VECs
morphology, function, and capillary-like structure formation in
vitro were characterized. More importantly, the implantation in
vivo of prepared electrospun scaffold and Masson trichrome
staining were applied to explore whether the aligned composite
nanobrous scaffold seeded with VECs could anastomose with
host vessels and accelerate vascular inltration throughout the
whole tissue construct.

2. Results and discussion
2.1. Fabrication and characterization of the LBL structured
nanober meshes

As for tissue-engineered gras, rapid vascularization is consid-
ered to be a crucial issue especially for cell-containing tissue
constructs in regenerative medicine,34 the lack of vascularization
and oxygen in the center could lead to ischemia followed by
necrosis aer implantation in vivo.35 Thus how to improve rapid
vascularization and more rapid integration with native tissues
remains a very important and challenging issue. On this condi-
tion, various strategies including biomaterial modications and
VECs seeding have been investigated to facilitate rapid vascular-
ization through larger tissue constructs.7

In this paper, on the basis of our previous study on the LBL
modied lm-coated nanobrous matrices which could
modulate the adhesion and proliferation of NHFs,29 we adopted
a parametric approach of designing nanobrous scaffold with
different orientation and then functionalized the surface of
electrospun polycaprolactone (PCL)–cellulose nanobers with
CS and type I collagen via LBL technique to enhance the
attachment and proliferation of HUVECs.

The morphology and diameter distribution of modied
nanobers were examined by FE-SEM (Fig. 1A–E). Non-woven
PCL–cellulose nanobers were signicantly aligned with
porous structure, which is desirable in ECM-mimicking mate-
rials. The as-spun nanobrous and LBL structured (CS/COL)n
lms coated scaffolds showed similar surface morphologies
which consisted of continuous and oriented nanobers with
diameters ranging from 100 to 700 nm. The SEM micrographs
appeared that the fabricated matrices had a solid surface with
interconnected voids among the bers, presenting a porous
network. The distribution of the ber diameters showed that all
scaffolds had approximately 90% of the nanobers in 100–
400 nm diameter range (Fig. 1F). Besides, the diameter of
unmodied, LBL structured (CS/COL)n lms coated mats was
221� 70 nm (n¼ 0), 224� 94 nm (n¼ 5), 230� 65 nm (n¼ 10),
288 � 107 nm (n ¼ 15) and 292 � 109 nm (n ¼ 20), respectively
RSC Adv., 2017, 7, 11462–11477 | 11463
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Fig. 1 FE-SEM images of (A) electrospun aligned PCL/cellulose template and LBL structured nanofibrous mats assembled by (CS/COL)n: (B) n ¼
5, (C) n¼ 10, (D) n¼ 15, (E) n¼ 20. (F) Histogram showing diameter distribution of nanofibers based on SEM images. (G) Normalized intensity plots
against the angle of acquisition for nanofibrous matrices.
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while n varied from 5 to 20 (Table 1). Hence the diameter
difference among the prepared LBL structured mats was not
statistically signicant with the deposition of CS and collagen.
To quantitatively analyze the ber alignment, FFT analysis was
performed on the SEM images of randomly selected area (n¼ 5)
to characterize the anisotropy and assign a numerical value to
ber orientation. The narrow peak of the normalized intensity
values in prepared nanobrous matrices revealed that all the
PCL/cellulose nanobers and LBL structured mats aligned
along a single axis (Fig. 1G).

It is noteworthy that the ber diameter increased from 358�
118 nm to 541 � 197 nm before and aer CS and collagen were
alternatively assembled on the randomly oriented PCL–cellu-
lose template for 20 coating bilayers as described in our
previous work.29 Of note, the space between bers did not
narrow aer coating bilayers, which was different from the
morphology of isotropic nanobers with the same parameter.
The reason might be the orientation of bers. Briey, more
junctions, bigger protuberances as well as denser bundles
formed between bundles of bers were obtained in the resultant
isotropic nanobrous mats with unaligned structure with
increasing coating bilayers (data not shown), leading to larger
ber diameter than that of anisotropic bers.

Surface roughness of nanobers has been identied to be an
important factor that may inuence cell attachment, prolifera-
tion and migration.36,37 Xu et al. found that the endothelial cell
Table 1 The average fiber diameter of prepared nanofibrous mats

Samples
Average
diameter (nm)

PCL/cellulose 221 � 70
(CS/COL)5 224 � 94
(CS/COL)10 230 � 65
(CS/COL)15 288 � 107
(CS/COL)20 292 � 109

11464 | RSC Adv., 2017, 7, 11462–11477
function was enhanced on the smooth solvent-cast surface
rather than on the rough electrospun surface of poly(L-lactic
acid).38 Therefore Bruker atomic force microscope (AFM) was
utilized to determine the surface roughness of individual
nanobers. The morphology of aligned and randomly oriented
PCL–cellulose mats (Fig. 2A and A0) and (CS/COL)20 lm-coated
nanobers (Fig. 2B and B0) was examined. From the analysis of
AFM, it is obviously observed that the surface of aligned nano-
bers showed a rather smoother surface than the randomly
oriented nanobers, a lot of undulations were observed on the
surface of the latter. In order to better characterize the rough-
ness of these matrices, parameters (Rq/Rrms, root mean square
roughness) were determined by using Bruker Nanoscope Anal-
ysis soware supplied with AFM.

As shown in Fig. 2A and B, the roughness of isotropic PCL–
cellulose mats alone was 223.52 � 67.72 nm (Fig. 2A), while it
increased to 338.69 � 11.78 nm aer coating with CS and
collagen bilayers (p < 0.001) (Fig. 2B), and the same trend was
observed between them for the anisotropic specimens 76.31 �
8.09 nm for PCL–cellulose mats and 119.42 � 6.97 nm for (CS/
COL)20 lms coated mats (p < 0.001) (Fig. 2A0 and B0), which
elucidated that the ber alignment seems to induce a slight
decrease in the surface roughness while the LBL modication
led to a slight increase, which might result from the difference
in the ber diameter and ber alignment between LBL struc-
tured isotropic and anisotropic nanobers with the same
coating bilayers. Briey, both the anisotropic and isotropic ber
diameter increased with (CS/COL)20 lm-coating as measured
by FE-SEM images, which was consistent with the work reported
by Milleret et al., he analyzed poly(lactic-co-glycolic acid) (PLGA)
or polyester urethane (PEU) bers from the nanoscale to
approximately 7 microns and found that ber surface rough-
ness increased with increasing ber diameter.39 Besides, the
slight decrease in the surface roughness of the aligned samples
might be ascribed to the reduced release of residual stresses
imposed by the processing during the solvent evaporation.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra26931a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

1/
26

/2
02

5 
7:

59
:5

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
2.2. Platelet adhesion examination

Progression of late thrombosis remains as the major limitation
of currently available vascular gras. The adsorption of blood
proteins initiated blood response when a exogenous biomaterial
contact with blood, followed by platelet adhesion and the acti-
vation of coagulation pathways, thus resulting in thrombus
formation.40 Since the main orientation of this study is to
promote endothelialization on the surface of LBL structured
nanobrous matrices, it is vital to evaluate the platelet attach-
ment onto scaffold because the attachment of platelets at the
implant site in vivo has been associated with thrombosis and
subsequent restenosis. More importantly, to fabricate a success-
ful vascular construct, the scaffold must ensure low platelet
activationwhilemaintaining the platelet's role in hemostasis and
angiogenesis.41

To examine whether the electrospun scaffold could resist
platelet adhesion, the isotropic and anisotropic nanobrous
mats with various coating bilayers were exposed to platelets
under static conditions at 2 h. It was previously described that
the morphological criteria of activated platelets could be
divided into ve categories (dendritic, dendritic spread, spread,
fully spread, and nonviable)42 which is applied to assess the
activation state of the platelets adhered to the surface of our
prepared mats. Fig. 3 shows the CLSM images of platelet
adhered to collagen I-coated stainless steel surface and elec-
trospun anisotropic composite nanobers. We found that both
large quantities of platelet adhesion and activation are observed
Fig. 2 Represented AFM images and the Rq (root mean square
roughness) of randomly oriented (A and B) and aligned (A0 and B0)
nanofibrous mats observed at height mode: (A and A0) PCL–cellulose
nanofibrous mats, (B and B0) nanofibrous mats assembled by (CS/
COL)20 coating bilayers. Solid line in the insets showed the direction of
the fibers.

This journal is © The Royal Society of Chemistry 2017
on the pure collagen I-coated stainless steel surface (Fig. 3A).
The number of platelets adhered on it was found to be 117� 23,
while the prepared nanobrous scaffolds resisted the adher-
ence of these blood elements (Fig. 3B–E). The adhesion of
platelets on PCL–cellulose nanobers was 42� 12, showing that
adhesion of platelets on pure collagen-coated surface was more
than 2 folds higher than as-spun nanobrous mats. With the
CS/COL modication on the surface of as-spun PCL–cellulose
mats, the mesh exhibited good blood compatibility and low
blood coagulation. There was noticeable trend in the direction
of decrease in platelet adhesion and absence of activation while
increasing coating CS/COL bilayers on LBL modied mats, few
cells can be found in the crevice of the bers, and they retained
a discoid shape which is similar to the original shape of the
platelet at unactivated state. In contrast, the isotropic nano-
bers possessed a attened morphology with the presence of
platelet pseudopodia to the underlying nanobers, had relative
high platelet deposition (see in ESI, Fig. S1†). More importantly,
we observed that the LBL structured anisotropic (CS/COL)20
lms coated nanobrous mats presented a promising feature in
terms of relatively low platelet adhesion (7 � 2).

Since changes in surface chemical composition and rough-
ness of sample surface both affect thrombogenicity,42 at least two
reasons were responsible for this phenomenon. Firstly, the
decrease in the platelet adhesion on the (CS/COL)n lms coated
mats might be inuenced by the surface chemistry, where
hydrophilic repulsion occurs and prevented the direct contact
between the platelets with the composite surface. He et al. found
that the positive charge of CS retards blood thrombin generation
and blood coagulation on CS lms which is in contrast to pre-
vailing views. The CS acted as a double-edged sword, on one
hand, it promoted erythrocyte adhesion, brinogen adsorption,
and platelet adhesion and activation, but it inhibited the acti-
vation of the contact system on the contrary, and the positive
charge could not signicantly promote the activation of non-
adherent platelets in the bulk phase during the early stage of
coagulation.31 Secondly, surface roughness can increase platelet
adhesion and the presence of platelet pseudopodia to the
underlying substrate. Thus there is an increase in platelet
adhesion, spreading, and subsequent platelet activation.39 Based
on the AFM data, the lower surface roughness of anisotropic
nanobers resulted in less platelet adhesion and activation as
conrmed by CLSM images, suggesting that prepared aniso-
tropic LBL structured nanobrous composite scaffold could be
a potential candidate for anti-thrombogenicity, which is partic-
ularly useful for articial blood prostheses.
2.3. Cell adhesion and proliferation

To monitor cell adhesion and viability on different substrates,
the cell metabolic activity for the evaluation of survival and
growth characteristics of HUVECs was determined by MTT
assay. Fig. 4A summarized the cell viability on various
substrates with different coating bilayers along with 24 h and
120 h incubation. The cell culture plate (TCPS) was used as the
control group, it showed that HUVECs cultured in all nano-
brous scaffolds exhibited a similar growth pattern of time-
RSC Adv., 2017, 7, 11462–11477 | 11465
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Fig. 3 The platelet adhesion on prepared (A) type I collagen coated surface, (B) PCL–cellulosemesh and nanofibrousmats coated by (CS/COL)n:
(C) (CS/COL)5, (D) (CS/COL)10; (E) (CS/COL)15; (F) (CS/COL)20. (G) The quantitative calculation of adherent blood platelets.
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dependent increase of cell number during the culture period.
The cell viability of HUVECs on PCL, cellulose and PCL–cellu-
lose template evidenced the better biocompatibility with PCL–
cellulose than that of neat PCL or cellulose. Besides, compared
with the cell viability of HUVECs on PCL–cellulose template, the
addition of CS and collagen on PCL–cellulose template during
LBL process led to higher cell viability. On day 5 aer incuba-
tion, lower optical density was observed on TCPs than that on
PCL–cellulose and (CS/COL)n, which was due to the 2D surface
suitable for the monolayer. Although the overall cell number
increased in all scaffolds during the culture period, the LBL
structured lms coatings modied by biocompatible CS and
collagen would be more benecial for cell migration and
penetration, as well as further growth. Of note, the cell density
on LBL structured mats coated with more coating bilayers was
signicantly higher at all time points. Hence it can be
11466 | RSC Adv., 2017, 7, 11462–11477
concluded that the number of coating bilayers played a critical
role in the cell growth on nanobrous matrices. Together, the
MTT results indicated that the prepared nanobrous mats
promoted the survival of HUVECs during in vitro incubation.

Based on the MTT results, cell tracking method was also
applied to monitor the effect of prepared isotropic and aniso-
tropic (CS/COL)20 lm-coated mats (Fig. 4B–E) on the cell
viability, HUVECs were labeled with red CellTracker™ dye prior
to seeding in vitro and then the constructs were visualized using
CLSM. It was obvious that the viable cells which were positively
stained red adhered on aligned (CS/COL)20 lm-coated mats
exhibited enhanced survival of HUVECs than that of the
randomly oriented bers, which provided evidence of the better
biocompatibility of the aligned LBL modied nanobrous
scaffold, HUVECs successfully adhered to the surface within
24 h and the coverage continued to expand thereaer, leading
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (A) MTT assay for the cell viability of HUVECs incubated after 24
and 120 h alone (control group) and with aligned nanofibrous mats: (a)
PCL nanofibrous matrix, (b) cellulose matrix, (c) PCL/cellulose
template and LBL coatedmats assembled by (CS/COL)n: (d) n¼ 5; (e) n
¼ 10; (f) n¼ 15; (g) n¼ 20. Significant difference (vs. control, untreated
group): *p < 0.05; **p < 0.01. (B–E) CellTracker™ Red CMPTX labelled
HUVECs co-cultured with (B and C) aligned (CS/COL)20 LBL structured
mats for 1 d (B) and 5 d (C) and co-cultured with (D and E) randomly
oriented (CS/COL)20 LBL structured mats for 1 d (D) and 5 d (E).
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to a cellular layer by day 5, which was demonstrated by the
efficient endothelialization of gra surfaces.
2.4. Cell migration

In order to evaluate the effects of LBL structured (CS/COL)20
nanobrous matrices with aligned and randomly oriented
morphology on HUVECs migration, an in vitro wound healing
assay was performed by culturing cells on various matrices with
wound gaps with an insert of 900 mm (Fig. 5). The culture
stained with crystal violet aer 0 d, 3 d and 5 d revealed that the
migration of HUVECs was signicantly regulated by the
underlying nanobers with different orientation. HUVECs co-
cultured with isotropic bers barely migrated into the wound
gap aer 3 d culture with gap distance of 725.6 � 28.7 mm and
only provided moderate wound coverage (about 66.3� 16.5 mm)
aer 5 d (Fig. 5A). In contrast, on the LBL lms coating matrices
with obvious orientation, cells migration into the wound area
This journal is © The Royal Society of Chemistry 2017
was greatly enhanced aer 3 d culture with gap distance of 639.8
� 15.8 mm. The wound gap was completely closed when cells
were migrated on the (CS/COL)20 by 5 d (Fig. 5B), suggesting
that the aligned nanobrous scaffold with LBL modication
modulated VECs activity by inducing signicantly greater
cellular outgrowth in vitro than non-patterned scaffolds. These
results revealed that the promotion of HUVECs migration was
induced by the collagen-containing nanobrous matrices with
aligned structure. Though the potential mechanisms of aligned
nanober-mediated endothelial migration remained unclear,
Nakayama et al. found that EC-seeded aligned nanobrillar
scaffolds promoted 3D cellular outgrowth in vitro by activating
integrin a1.28

Prevascularization with seeded endothelial cells possess
advantage of rapid host vessel anastomoses with pre-
constructed networks.43 However, the survival and function of
endothelial cells can not be ensured due to inadequate oxygen
and nutrient delivery.44 Our present study demonstrated the
anisotropic LBL modied bers with various aligned (CS/COL)n
lms coatings displayed promoted adhesion, proliferation,
spreading and migrating of HUVECs in vitro than that of
isotropic bers.
2.5. Cell morphology and cytoskeleton organization

To determine whether the direction of prepared viable nano-
brous mats could affect the cell orientation and polarity for
vascular tissue engineering applications, we then assessed
cellular morphology and spreading on the electrospun
constructs aer 72 h of incubation via scanning electron
microscopy (SEM) images of the cells on the LBL structured (CS/
COL)n lms coated scaffold surfaces (Fig. S2† and 6). As
observed in Fig. S1 (see in ESI†), all nanobrous matrices sup-
ported the attachment and growth of HUVECs similarly, while
showing different cell morphology with distinct variation in
lopodia- and lamellipodia-like extensions. In Fig. S2A,† the cell
maintained 3D structure and adhered well on the surface of (CS/
COL)5 lms coating nanobrous network. Cells were shown to
be spindle-shaped and distributed on the substrate surface,
aer pretreatment with (CS/COL)n lms coatings, the
pronounced biocompatibility with HUVECs were observed. As
shown in Fig. S2B–F,† when the coating bilayers increased from
5.5 to 15.5, the cells were located at the subsurface of the
nanobers, even immigrated below several brous layers of
bers, and it exhibited that bers crossed upon the cells and
cells grew within the brous scaffold (Fig. S2G–H†). Moreover,
several cells interacted with adjacent cells with forming
numerous pseudopodia between them, which was character-
istic of the promoted cell adhesion and spreading. The data
demonstrated that the cell adhesion on LBL structured mats
was signicantly enhanced with increasing LBL coating bila-
yers, which was attributed to the adsorption/immobilization of
serum proteins on deposited bilayer.

However, in comparison with the unidirectional bers, the
development of matrix-induced alignment of the VECs is
depicted in the images in Fig. 6, the HUVECs attached and
stretched on the nanobers, displaying a attened morphology
RSC Adv., 2017, 7, 11462–11477 | 11467
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Fig. 5 Migration of HUVECs on nanofibrousmatrices in wound healing assay in vitro. Cells were seeded on (A) aligned and (B) randomly oriented
nanofibrous mats coated by (CS-collagen)20 with an insert in the middle. After 24 h, the insert was removed to generate a 0.9 mm “wound gap”.
Cells were allowed to migrate into the wound gap, and visualized after 0, 3 and 5 days. (C) Quantification of the “wound gap” distance between
the front lines of migrating cells.
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with numerous attachment sites with the underlying bers,
forming numerous attachment sites with the underlying
bers (Fig. 6A and B). The cell was intensively attached to the
surfaces by forming long, numerous microvilli and extending
lamellipodia, lopodia, and the microvilli tended to grow
along the orientation of nanobers when coating bilayers
increased from 10 to 20.5 (Fig. 6C–F). The cells seeded onto
aligned nanobers responded to the anisotropy of the
underlying surface by demonstrating a distinct elongated and
polarized morphology along the ber direction (Fig. 6G
and H).

We further investigated whether unaligned and aligned nano-
bers could guide morphogenesis of HUVECs and regulate cyto-
skeleton organization. The F-actin cytoskeleton was visualized
with TRITC-labeled phalloidin (Fig. 7). Aer 3 day culture, F-actin
11468 | RSC Adv., 2017, 7, 11462–11477
staining results exhibited that HUVECs displayed polygonal
morphology on the isotropic matrices without orientation despite
certain oriented actin laments within individual cells (Fig. 7A). In
contrast, the HUVECs on anisotropic matrices became elongated
and exhibited numerous well-stretched actin bundles with
obvious orientation along the direction of nanobers (Fig. 7B).
Moreover, closer examination of the actin organization showed
compact bundles instead of individual actin laments like those
on isotropic matrices, which conrmed that the aligned LBL lms
coated nanobers with CS and collagen deposition generally
facilitated the cell adhesion process of HUVECs on nanobers.
In Nien's work, he fabricated poly(3-caprolactone)/poly(ethylene
oxide)/chitosan (CS) bers in both aligned and random
structures to investigate cell affinity. The results showed that
the aligned PCL/PEO/chitosan ultrane brous mat had the
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Morphological observation by SEM. HUVECs in the presencewith aligned nanofibrousmats coated by (CS/COL)n after 72 h incubation: (A)
(CS/COL)5, (B) (CS/COL)5.5, (C) (CS/COL)10, (D) (CS/COL)10.5, (E) (CS/COL)15, (F) (CS/COL)15.5, (G) (CS/COL)20, (H) (CS/COL)20.5. Scale bars of the
images and were 10 mm and 5 mm, respectively. Red solid and green dashed line in the insets showed the direction of the fibers and cells while
yellow and white arrow represented lamellipodia and filopodia, respectively.
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capacity to induce cellular alignment and enhance cellular
elongation.45 Collectively, the distribution and organization
of cytoskeleton protein inside VECs were parallel to the
direction of the nanobers. Hence it seemed reasonable to
arrive at the conclusion that the orientation of as-spun
nanobers and the following LBL modication played curial
role in regulating the phenotypic alteration especially cell
affinity of HUVECs.

In order to further elaborate whether the orientation of
nanobers affected the spatial distribution of focal adhesion
plaques on cell membranes to study the functional develop-
ment of HUVECs on the nanobers during in vitro culture.
The expression of focal adhesion marker with cell growth on
both substrates is also shown in Fig. 8. It was showed that the
This journal is © The Royal Society of Chemistry 2017
vinculin evenly distributed across the cell membrane on both
matrices. Interestingly, the vinculin of cells co-cultured with
LBL modied isotropic PCL/COL lms coated nanobrous
matrices was well expressed and it was located mostly at cell-
to-cell interfaces and cell membrane without forming tube-
like structure at various time points (1, 3, 5, 7 and 14 d).
However, on anisotropic matrices, long segments of vinculin
were stained along the nanober alignment (Fig. 8A0), but on
the isotropic matrices no preferred orientation was observed
(Fig. 8A), and obvious tube-like structure via the cell–scaffold
interaction was observed on aligned nanobrous mats
(Fig. 8B0 and E0), which was of great benet to blood vessel
regeneration.
RSC Adv., 2017, 7, 11462–11477 | 11469
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Fig. 7 Cytoskeleton development of HUVECs grown on the (A)
randomly oriented and (B) aligned (CS/COL)20 electrospun meshes.
The nanofibers, F-actin, and nuclei were stained with FI-TC (green),
TRITC–phalloidin (red) and DAPI (blue), respectively. The well-
stretched actin bundles were visible when the cells were grown on
both matrices. HUVECs successfully maintained their native
morphology and formed filamentous actin-based stress fibers after
72 h incubation.
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2.6. Immunouorescent staining

Endothelial cell adhesion molecule CD31 was assessed by
immunohistochemistry to observe vascularization in cells co-
cultured with prepared isotropic and anisotropic (CS/COL)20
lms coated nanobrous mats for each group (Fig. 9). A small,
dotted pattern of CD31 stained red was clearly visible and well
distributed within the cytoplasm and at intercellular junctions
when HUVECs were grown on both matrices. The results sug-
gested that cells on the aligned and unaligned nanobers
exhibited positive CD31-staining and kept typical VEC
Fig. 8 Immunofluorescent staining of vinculin (green) in HUVECs on is
matrices seeded for 1 d (A and A0), 3 d (B and B0), 5 d (C and C0), 7 d (D and

11470 | RSC Adv., 2017, 7, 11462–11477
phenotype. However, the intensities of the uorescence of the
cells on randomly oriented scaffolds appeared to be less than
those on aligned scaffolds at the same time point. Interestingly,
positive expression of CD31 on aligned lm-coated PCL–cellu-
lose nanobers indicated adequate inter endothelial contacts
between adjacent cells with forming tube-like microstructure.
The results indicated that the vascular cells seeded on aligned
scaffolds synthesized more characteristic protein than those
seeded on randomly oriented scaffolds. It could be known that
the released CS and collagen had bioactivity to promote
spreading and proliferating of HUVECs on the nanobrous
mats, which could synergically stimulate the proliferation and
spreading of VECs.

According to previous literature, angiogenesis occurs when
endothelial cells start to proliferate and to sprout from preex-
isting vessels and thereby forming new vessels, then the newly
formed endothelial tubes nally mature by assembling a base-
ment membranes (BMs) and recruiting smooth muscle cells or
pericytes. The BMs plays an important role in angiogenesis
(blood vessel formation). It is a dynamic, self assembled layer of
proteins, glycoproteins, and proteoglycans formed by envelop-
ing endothelial cells and pericytes of blood vessels.46 Among the
above components, nidogen/entactin and heparan sulfate
proteoglycan perlecan are well recognized as major and ubiq-
uitous basement membrane components.47 Indeed, nidogen/
entactin, an invariant component of basement membranes, is
a multifunctional protein containing binding sites which acts
as a link between the extracellular matrix molecules including
laminin 1, collagen IV and perlecan, and thereby participates in
the assembly of BMs.48 Besides, perlecan, a heparan sulfate
proteoglycan assembled into the vascular BMs, binds to
a variety of cell surface and basement membrane proteins
including integrins, laminin, and nidogen, and is required for
the reconstitution of basement membrane-like structures in
vitro.49 Erika Gustafsson et al. found that perlecan maintains
microvessel integrity, mechanical stabilizing50 in vivo and
modulates their formation in vitro.51

Given the important roles of nidogen and perlecan produced
by the endothelial cells in vascular basement membrane (BM)
formation and regeneration,47,51 nidogen-2 and perlecan protein
otropic (A–E) and anisotropic (A0 and E0) LBL structured nanofibrous
D0) and 14 d (E and E0), respectively. Nuclei was stained with DAPI (blue).

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Expression of CD31, nidogen and perlecan on HUVECs grown on randomly oriented and aligned (CS/COL)20 LBL structured electrospun
meshes. Cells positively expressed the representative endothelial cell markers (CD31) and basement membranes (BMs) protein (nidogen and
perlecan).
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expression was monitored with immunocytochemistry (Fig. 9).
The synthesis of basement membrane (BM) protein nidogen
(entactin) and perlecan possessed a similar trend as the
expression level of CD31. Immunohistochemical staining for
both perlecan and nidogen-2 revealed a sharp and continuous
reactivity in the VECs co-cultured with anisotropic (CS/COL)20
lms coating nanobers, faint immunoreactivity was detected
in the cells for both BM components in isotropic (CS/COL)20
lms coated nanobers. On unaligned nanobers, nidogen was
expressed but its location was restricted to single cells that have
less inter-cellular adhesion. Nidogen-2 localization and
expression was different in cells co-cultured with isotropic and
anisotropic nanobers, the expression of nidogen-2 protein
(red) was seen to be highest in the perinuclear organelle for cells
on isotropic nanobers whereas the expression was more
diffuse and formed amesh-like network throughout the cells on
anisotropic nanobers, and perlecan (red) was highly localized
in cells on anisotropic nanobers what appeared to be intra-
cellular organelles whereas in the cells co-cultured with
This journal is © The Royal Society of Chemistry 2017
isotropic nanobers the perlecan was seen more diffused
throughout the cell body with forming tube-like microstructure.
These results show that the levels of expression and localization
of expression of nidogen-2 and perlecan are different in the cells
co-cultured with nanobers with different topological structure.
These results indicate that HUVECs interact well with LBL
structured lm-coated PCL–cellulose nanobers and the
aligned nanobers could signicantly promote the prevascula-
rization in vitro.

On the whole, when aligned nanobers were compared to
randomly oriented nanobers, HUVECs showed stronger
attachment, proliferation, higher expression of phenotype-
related proteins together with organized endothelial
morphology in the assembly of focal adhesion proteins and
cytoskeleton. These data demonstrated that the LBL aligned
modied nanobrous mats provided a combined function of
promoting nutrient delivery, cell inltration and distribution as
well as cell proliferation to enhance in vitro scaffold pre-
vascularization with HUVECs, therefore the aligned (CS/COL)n
RSC Adv., 2017, 7, 11462–11477 | 11471
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lms coated LBL structured nanobrous scaffold were selected
to perform the following in vivo implantation experiment.

2.7. Anisotropic nanobers and pre-seeded VECs additively
promote rapid vascularization in vivo

The schematic diagram of the in vivo implantation of prepared
aligned nanobrous meshes is displayed in Fig. S3 (see ESI†), to
understand the mechanism by which the VEC-seeded aligned
nanobrous scaffolds induce angiogenesis, histological anal-
ysis of extracted tissue sections aer 14 and 28 days was per-
formed. Masson's trichrome stained sections showed the
degradation behavior, collagen deposition and vascularization.
At 2 week (Fig. S4†), all the scaffolds were well tolerated by the
host animals, and no abnormal conditions were observed. The
implanted as-spun PCL–cellulose mats did not appear to be
heavily enveloped by brous tissues in most cases, they were
able to retain their structural integrity and almost no signs of
degradation were observed (Fig. S4A†). Although most of these
materials still held their structural integrity, signs of degrada-
tion were observable on the (CS/COL)5, (CS/COL)10 and (CS/
COL)15 lms coatings which were stained blue with visible ber
fragmentations (Fig. S4B–D†). As a part of tissue ingrowth, few
vessels were detected in (CS/COL)20 lms coatings (Fig. S4E†).

However, the aligned nanobrous mats that were graed
into SD rat subcutaneous tissue almost degraded within 28 days
(Fig. 10), and no inammation could be seen on the nanober
surfaces or in the surrounding tissues (except in the early stage
wound). The scaffolds could not be observed obviously and
could hardly hold their structural integrity aer implantation.
The subcutaneously implanted (CS/COL)n lms coated mats
were lled with layers of collagen ber bundles and thin brous
layer. Besides, the degradation rate of LBL structures mats were
Fig. 10 Masson trichrome staining of the aligned (A) PCL–cellulose and
(D) (CS/COL)15; (E) (CS/COL)20 together with wound areas after subcutane
scaffolds, and white ones represented signs of vascularization.

11472 | RSC Adv., 2017, 7, 11462–11477
signicantly enhanced with increasing coating bilayers as evi-
denced by gradually reduced nanobrous mats remained at
implantation site. Moreover, the implanted materials were
almost completely degraded, and only few ber fragmentations
distributed in the loose connective tissue at the implantation
site. The level of regenerated microvessels were signicantly
promoted aer implanting (CS/COL)n lms coatings with larger
coating bilayers.

Based on the insight gained, the implanted bers were
degraded by phagocytosis and tissue uids invasion, the ber
loss was signicantly higher compared with increasing coating
bilayers, and the (CS/COL)20 showed higher in vivo degradation
ratio than other matrices. This can be attributed to the combi-
nation of better interconnected pores, higher specic surface
area of electrospun nanobers and the biodegradable CS and
collagen immobilized on (PCL/collagen)n lms coatings.

For the collagen deposition and angiogenesis, the groups
showed light blue bers deposition while the control group was
the least obvious one (Fig. S4A†). With the addition of CS and
collagen, the degree of collagen production was signicantly
elevated (Fig. 4SB–E†). There was no obvious positive vessel in
the center of the wound treated with PCL–cellulose (Fig. S4A†)
mats and (CS/COL)5 nanobrous mats (Fig. S4B†), red blood
cells within vessels were achieved in regenerated tissues aer
treatment with LBL structured (CS/COL)10 bers (Fig. S4C†). As
vascularization continued, the ingrowth of vessels appeared in
the center of the wound with the widening of small vessels,
especially in (CS/COL)15 and (CS/COL)20 nanobrous mats
(Fig. S4D and E†), while few blood vessels were found in the
edge of wound with variable lumen sizes, which further facili-
tated capillary-like tube formation in vitro and integration with
host vessels in vivo.
nanofibrous mats coated by (CS/COL)n: (B) (CS/COL)5, (C) (CS/COL)10;
ous implantation for 4 weeks. The black arrows represented remaining

This journal is © The Royal Society of Chemistry 2017
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At 4 weeks, this phenomenon was more obvious in (CS/
COL)5, (CS/COL)10, (CS/COL)15 and (CS/COL)20 nanobrous
mats than the group without LBL modication, suggesting that
the supplement of CS and collagen could enhance the COL
synthesis. Besides, the neovascular structures were also visual-
ized with larger magnication. There were few cells penetrating
into the center of the scaffolds in the PCL–cellulose and (CS/
COL)5, (CS/COL)10 group. By comparison, more broblast-like
cells grew into the (CS/COL)20 scaffolds when pre-seeded with
VECs. Most cell inltration was observed in the group and
displayed the most densely lled extracellular matrix (ECM).
The small blood vessels could be found in VEC-seeded LBL
modied scaffold constructs that strongly encouraged the
vascularization around the damaged tissues. A signicant
increase in vessel number and lumen area in (CS/COL)10, (CS/
COL)15 and (CS/COL)20 nanobrous mats groups when
compared with control and (CS/COL)5 groups. More impor-
tantly, the collagen IV positive vessels were scarce and mostly
situated on the periphery of the wounds at the beginning
(Fig. 10A). Nevertheless, the percentage of vascularized area in
LBL modied nanobers signicantly increased thereaer
(Fig. 10B–E). Collagen IV positive vessels were more abundant
and presented wider lumen diameter relative to other condi-
tions at week 2. A large number of microvessels was observed in
(CS/COL)20 group, and the microvessel density was higher than
those of other groups (Fig. 10E). The staining in (CS/COL)20
lms coated nanobers for 2 and 4 weeks demonstrated that
functional tubular structures were observed, suggesting that the
combination of nanostructure and prevascularization with
seeded VECs could support a more mature vasculature.

When implanting the scaffolds without prevascularization in
vivo, although the host tissues could migrate into the scaffold,
the process of radiating outwards into the scaffold was relatively
slow.52 The seeded cells are prone to necrosis without a timely
supply of nutrients. Our present study combined the effect of
the nanobrous microenvironment with pre-vascularization on
promoting rapid vascularization of the entire large scaffold. As
discussed above, the prepared porous nanobrous scaffolds not
only facilitate cell inltration and distribution during cell
seeding, but also enhance the delivery of oxygen and nutrients
into the scaffold bulk. During in vitro pre-vascularization,
endothelial cells were widely distributed throughout the scaf-
fold and formed capillary-like tubes, which subsequently inte-
grated with the rapidly inltrated host vessels aer
implantation in vivo. On the whole, the prepared nanobrous
mats and pre-seeded HUVECs synergistically promoted rapid
vascularization through the entire large porous scaffolds, which
provided a promising strategy for developing implantable
functional vascular gras by promoting rapid vascularization
and enhancing the survival of seeded cells.

3. Experimental
3.1. Materials

Poly(3-caprolactone) (PCL, Mw ¼ 70–90 kDa), cellulose acetate
(CA, Mn ¼ 3 � 104 Da) and type I collagen (from calf skin) were
purchased from Sigma Aldrich Co., USA. Chitosan (CS,Mw¼ 2.1
This journal is © The Royal Society of Chemistry 2017
� 105 Da, DD ¼ 92%) was provided by Yuhuan Ocean
Biochemical Co. (Taizhou, China). All other chemicals were of
analytical grade and used as received. Puried water was
prepared by a system consisting of three units (active charcoal,
ion exchanger, and reverse osmosis) connected in series to an
ELGA water purication system (PURELAB ultra, UK). All
aqueous solutions were prepared with puried water (electrical
resistivity ¼ 18.2 MU cm).
3.2. Preparation and modication of nanobrous matrices

8 wt% PCL solutions and 14 wt% CA solutions were prepared
separately by dissolving PCL in a mixture of dichloromethane
(DCM) and N,N-dimethylformamide (DMF) with a volume ratio
of 2 : 1 and CA in acetone/DMAC (2 : 1, v/v). The PCL and CA
solutions were then mixed to obtain mixtures with weight ratios
of 3 : 2, and the resultant mixtures were stirred for 3 h. The
electrospinning system applied in this work was similar to that
reported previously. Briey, a DC voltage of 16 kV with low
current output was applied between the syringe tip and a cylin-
drical collector. The typical distance between the syringe tip and
the grounded collector was 15 cm. Polymer solution inside the
syringe was charged with a positive voltage by dipping a plat-
inum wire into the solution from a positive lead; the plane and
cylindrical collector were grounded, respectively. Isotropic
(bers collected randomly with no alignment) and anisotropic
(bers collected with alignment) PCL–cellulose ber were ob-
tained by hydrolysis of the mats in a 0.05 M NaOH aqueous
solution at room temperature for 7 d. The prepared mats were
rinsed and thoroughly washed with puried water for three
times to remove retained NaOH, they were then vacuum-dried
at ambient temperature for 48 h. Then the LBL coating
process was conducted according to our previous work.29
3.3. Characterization of electrospun PCL/collagen nanober
meshes

Cold type Field Emission Scanning Electron Microscopy (FE-
SEM) and atomic force microscopy (AFM) were used to charac-
terize these nanobrous matrices. For SEM examination, the
dehydrated samples were sputter-coated with gold and then
examined with a FE-SEM (JSM-6700F, JEOL, Japan). To deter-
mine the diameter of nanobers, images of ve randomly
selected areas were captured and analyzed by Photoshop 7.0
edition. The quantitative analysis of the orientation of electro-
spun nanobers was determined by using the ImageJ program
along with the Oval Prole Plot plugin. The nal results were
presented by plotting this arbitrary scale versus degrees, where
the height of peaks represents a greater degree of alignment at
a given angle.53

The surface roughness of different nanobrous matrices was
determined by using Nanoscope IV atomic force microscope
(Innova, Bruker AXS., USA) in tapping mode and expressed as
height and phase images. Three randomly selected areas of the
surface with the size of 10 � 10 mm (x, y direction) were scan-
ned, respectively. To describe the topography and roughness of
the substrates, the roughness parameter for the surface, Rms
RSC Adv., 2017, 7, 11462–11477 | 11473
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(Rq, the root-mean-square height of the surface) was calculated
by Nanoscope analysis.

3.4. Measurement of platelet adhesion on prepared
nanobers

The protocol used to evaluate platelet adhesion on prepared
isotropic nanobrous matrices was derived from a previous
report.54 Whole blood from a healthy volunteer was collected
into BD Vacutainer® EDTA K2E tubes and then mixed with
quinacrine dihydrochloride to label platelets. The experimental
protocol was approved by the Ethics Committee for Animal
Experimentation of the Fourth Military Medical University
(TDLL-2015213, July 2015), collagen I-coated stainless steel
surface served as positive control. 2.5 mg mL�1 collagen I
prepared in 3% glacial acetic acid was coated on stainless steel
surface. Blood samples were incubated on each surface for 2 h
at 37 �C. Platelet attachment was quantied by acquiring 5
random images on each surface at 10� magnication from
three separate samples by using a CLSM. Average numbers of
adhered platelets were used to evaluate the relative attachment
of platelets onto the surfaces. A probability value (p) of less than
0.05 (*p < 0.05) was considered to be statistically signicant.

3.5. Cell culture and viability assay

The human umbilical vein endothelial cells (HUVECs) were
maintained in endothelial basal medium-2 (EBM-2) supple-
mented with 10% fetal bovine serum, 100 units per mL
penicillin/streptomycin, 30 mg mL�1 endothelial cell growth
supplement and 25 U mL�1 heparin sodium. The cells were
maintained at a humidied atmosphere of 95% air and 5% CO2

at 37 �C. The culture medium was replaced every 3 days until
cells were conuent.

3.5.1. MTT assay. The MTT assay was used to assess cell
metabolic activity for the evaluation of survival and growth
characteristics of HUVECs within the prepared aligned nano-
brous scaffolds. Before cell seeding, the LBL structured (CS/
COL)n aligned and randomly oriented electrospun scaffolds
were cut into a determined size and sterilized by ethylene oxide
gas, and washed with PBS three times and incubated with
medium in DMEM medium at 37 �C. They were then placed in
the refrigerator for 24 h, aer the incubation period the so-
called extracts were obtained and degermed by 0.22 mm lter
prior to the following experiments. A total of 1 � 104 HUVECs
were seeded in 96-well microtiter plates, aer 1 day of culture in
EBM, the culture medium were removed and replaced with the
extraction medium mentioned above and incubated for 24 h,
and 120 h, respectively. Aer that, the cells were washed gently
with phosphate buffered saline (PBS) for three times, 25 mLMTT
(Sigma, St Louis, MO, USA) was added into targeted wells at
37 �C for 4 h, to form formazan. Formazan crystals were dis-
solved in dimethyl sulfoxide (DMSO) and measured at 490 nm
using an enzyme linked immunosorbent assay (ELISA) Reader
(MODEL550, Bio-Rad, USA). All experiments were done in six
replicates (n ¼ 6).

3.5.2. Cell tracker labelling of HUVECs. Prior to seeding
cells on scaffolds, Cell Tracker™ Red (Invitrogen Ltd, USA) were
11474 | RSC Adv., 2017, 7, 11462–11477
used to label HUVECs in vitro.55 Adherent cells in culture asks
were rinsed with serum free culture media before CellTracker™
Red was added to culture asks and incubated at 37 �C for 45
minutes. Aer washing with Greens medium, cells were incu-
bated in Greens medium for a further 30 minutes at 37 �C. Cells
were then seeding onto scaffolds as previously described. Aer
seeding for 1 d and 5 d, labelled cells were imaged using
confocal laser scanning microscope (CLSM, 510 META, Zeiss,
Germany) at ex-570 nm/em-620 nm.
3.6. Wound healing in vitro

In vitro CytoSelect™ 24-Well Wound Healing Assay Kit
purchased from Cell Biolabs Inc. (San Diego, CA) was used to
evaluate the migratory behavior of HUVECs co-cultured with
isotropic and anisotropic nanobers. Briey, 1 � 105 cells sus-
pended in culture media were seeded onto the surfaces of
aligned and randomly oriented nanobrous matrices with
inserts in the middle. Aer 24 h, the insert was removed to
generate a consistent wound gap (0.9 mm) in the middle. Cells
were allowed to migrate into the wound gap on various nano-
brous matrices for 0 d and 3 d and 5 d, respectively. Aer
xation, cells were stained using the staining kit and images of
the wound gap were taken to analyze the migration distance of
target cells. At least 10 representative points along the “wound”
of each sample were used for evaluating the migration rate from
three separate samples for each time point.53
3.7. Scanning electron microscopy (SEM) of cell-seeded
scaffold

The prepared mats were treated as described above, then a total
of 200 mL of HUVECs suspension (1 � 104 cells per mL) was
seeded onto the pre-soaked nanobrous mats and placed in 24-
well culture plate. The cell seeded mats were incubated at 37 �C
in a humidied atmosphere for 4 h to make cells diffuse into
and adhere to the scaffold before the addition of culture
medium into each well. Cellular constructs were harvested aer
3 d. Subsequently, the cell-seeded scaffolds were replenished
with fresh media every 3 d. HUVECs-seeded mats were washed
by phosphate buffer saline (PBS) twice and then xed with 4%
glutaraldehyde for 2 h at 4 �C. The samples were then dehy-
drated through a series of graded ethanol solutions and freeze-
dried. Dry constructs were sputter-coated with gold and
observes by Scanning Electron Microscope (SEM) (JSM-6700F,
JEOL, Japan).
3.8. Cytoskeleton organization and phenotype study

The cytoskeleton organization of HUVECs grown on isotropic
and anisotropic nanobers was analyzed by using actin stain-
ing. Aer 48 h cultivation, cells were xed with 3.7% formal-
dehyde for 10 min, permeabilized with 0.1% Triton X-100 for
5 min, stained with rhodamine-phalloidin (Sigma-Aldrich,
1 : 500) for 20 min, and stained with DAPI (Sigma-Aldrich,
1 : 1000) for 10 min under dark conditions. Fibers were
stained with FI-TC. The stained actin laments and bers were
observed using LSCM.
This journal is © The Royal Society of Chemistry 2017
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3.9. Immunohistochemistry

The expression patterns of endothelial cell marker (CD31),
components of basement membrane extracellular matrix
(nidogen and perlecan) and cell adhesion molecule vinculin of
HUVECs were analyzed by immunocytochemistry. For immu-
nocytochemical analysis, the cell-scaffold constructs were
gently washed with PBS and were xed with 4% para-
formaldehyde for 15 min, made permeable with 0.1% Triton X-
100 for 10 min, blocked with 1% bovine serum albumin (BSA)
for 30 min at room temperature aer 48 h cultivation, treated
with the following primary antibodies, respectively: anti-CD31
(Abcom, ab119339, 1 : 500), anti-nidogen (sc-33141, Santa
Cruz Biotechnology, Inc, 1 : 500), anti-perlecan (sc-25848, Santa
Cruz Biotechnology, Inc, 1 : 400) and anti-vinculin (Abcom,
ab18058, 1 : 200) antibody at 4 �C overnight and washed with
PBS, followed by incubation with goat anti-rabbit IgG-Cy3
conjugate secondary antibody (Abcom, America) for 30 min at
room temperature in the dark, cell nuclei were stained with
DAPI (Sigma, 1 : 1000). Subsequently, the samples were washed
with PBS, mounted with anti-fade mounting medium (Vector
Laboratories Inc., CA, USA), sealed and stored in the dark before
taking uorescent images using confocal laser scanning
microscope (CLSM, 510 META, Zeiss, Germany). Fluorescence
intensity of stained sections was quantied by using an Image
Pro Plus soware.
3.10. In vivo implantation

The in vivo degradation of the electrospun scaffolds and their
effect on vascular regeneration was conducted by subcutaneous
implantation in SD rats. Masson trichrome staining was used to
further determine the proliferation of new collagen bers in the
cell-scaffold construct implanted region, with particular atten-
tion to the structural characteristics together with evidence of
cellular inltrates and angiogenesis. Briey, male Sprague-
Dawley rats (250 � 10 g) were used in this study. The experi-
mental protocol was approved by the Ethics Committee for
Animal Experimentation of the Fourth Military Medical
University (TDLL-2015213, July 2015), which also met the Guide
for the Care and Use of Laboratory Animals of the National
Institutes of Health. All surgery was performed under anes-
thesia, and all efforts were made to minimize suffering. Aer
anesthetization with 1% pentobarbital sodium for 5 min, the
hairs on the backs of the rats were shaved, the skin was
dissected over about 30 mm at two sites parallel with the
vertebral column and the outer membrane under the skin was
stripped. The scaffolds (diameter ¼ 20 mm) and HUVECs-
seeded aligned nanobrous mats were implanted in the SD
rats aer dissection and sutured under aseptic condition. The
experiment was repeated for three times. Aer surgery, the
animals were given antibiotics twice daily for 48 h. The rats were
sacriced to retrieve the residual scaffolds for analysis aer
implantation for 14 and 28 days, respectively. Three rats were
used for each data point. The harvested mats were washed in
PBS, xed in 10% neutral buffered formalin, dehydrated
through a series of graded alcohols, embedded in paraffin and
sectioned at a thickness of 5 mm. Sections were then
This journal is © The Royal Society of Chemistry 2017
deparaffinized and Masson trichrome staining was performed,
all the sections were observed under light microscope (Nikon
Eclipse E400, Japan) for analysis.
3.11. Statistical analysis

Unless otherwise indicated, all the quantitative results were
expressed as means � standard deviation (SD). Whenever
appropriate, two-tailed Student's t-test was used to discern the
statistical difference between groups. A probability value (p) of
less than 0.05 (*p < 0.05, **p < 0.01) was considered to be
statistically signicant.
4. Conclusion

Collectively, a new strategy was developed for tissue regenera-
tion by combining LBL modied nanobrous mats with pre-
vascularization with VECs to promote rapid vascularization and
integration in vivo. We successfully fabricated nanobrous
PCL–cellulose scaffolds coated by bioactive chitosan and
collagen that mimicked the ECM to promote HUVECs inltra-
tion, survival, proliferation, migration and capillary-like tube
formation during in vitro prevascularization, the nanober
meshes fabricated by electrospinning showed a unidirectional
ber orientation that could guide HUVECs alignment and
enhance capillary-like tube formation. CS/COL-coated nano-
bers allowed HUVEC cells to adhere well and spread with high
viability. A cytoskeleton was developed with well-stretched actin
bundles, and endothelial cell markers, such as CD31, nidogen,
perlecan and vinculin were positively expressed in the presence
of the aligned nanobrous mats, following transplantation in
vivo, these matrices also promoted host vessel inltration deep
into the scaffolds and integration with in vitro prefabricated
vascular structures. Hence the prepared nanobrous scaffold
and pre-seeded HUVECs promoted rapid vascularization of
scaffolds. Taken together, this study indicated that the LBL
modication on electrospun nanobers is a promising and
effective strategy for vascular tissue engineering that requires
efficient endothelialization of gra surfaces.
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