
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 2
/8

/2
02

6 
5:

28
:4

2 
PM

. 
 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
View Journal  | View Issue
Electrospun poly
State Key Laboratory of Medicinal Chemic

Materials for Ministry of Education, Colleg

Biology, Nankai University, Tianjin 300071

edu.cn

Cite this: RSC Adv., 2017, 7, 18775

Received 20th February 2017
Accepted 17th March 2017

DOI: 10.1039/c7ra02086d

rsc.li/rsc-advances

This journal is © The Royal Society of C
-3-caprolactone scaffold modified
with catalytic nitric oxide generation and heparin
for small-diameter vascular graft

Jingchen Gao, Yaping Wang, Siyuan Chen, Di Tang, Li Jiang, Deling Kong
and Shufang Wang *

Vascular grafts are significantly needed in peripheral vascular surgery; however, small diameter grafts are

not always available, and synthetic grafts perform poorly because of acute thrombosis and neointimal

proliferation after implantation. This study used electrospun poly-3-caprolactone (PCL) as the matrix

material to build a small-diameter vascular graft. Organoselenium modified polyethyleneimine (SePEI),

which can catalyze the production of nitric oxide from S-nitrosothiols, and heparin (Hep) were introduce

through layer-by-layer (LbL) assembly in order to prepare a new vascular graft with improved

histocompatibility and biological function. Static water contact angle measurement showed that SePEI

and Hep had improved the hydrophilicity of the material, which is desirable for an active vascular graft.

The results showed that the mechanical property and histocompatibility of the SePEI/Hep loaded

material could meet the demands of vascular grafts. The results of cellular experiments showed that the

SePEI/Hep loaded material could promote the proliferation and adhesion of endothelial cells, which is

beneficial to the rapid endothelialization of vascular grafts. And this material could inhibit the adhesion

and spreading of smooth muscle cells, which can prevent the post-implantation restenosis. The SePEI/

Hep loaded material could inhibit the activation of macrophages, which is very important in reducing

inflammation following graft implantation.
1. Introduction

Cardiovascular disease has become a threat to human health,
and vascular transplantation is the most effective means of
treatment for cardiovascular disease.1–4 As a result, there is
a signicant need for vascular gras in peripheral vascular
surgery; however, small diameter gras are not always available,
and synthetic gras perform poorly because of acute throm-
bosis and neointimal proliferation aer implantation.5–7

Macrophages are major regulators of vascularization,
through the activity of different types of macrophages display
different cell populations with distinct functions.8–10 Macro-
phages generally fall into two phenotypes: the pro-inammatory
M1 and the anti-inammatory M2 state. The M1 (classically
activated) macrophage phenotype, promotes pathogen killing
and is associated with classic signs of active inammation,
particularly with chronic inammation. The M2 (alternatively
activated) macrophage phenotype, promotes immunoregula-
tion tissue repair and constructive tissue remodeling.9–11
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NO is an endothelium derived relaxing factor, which can
inhibit the adhesion and activation of platelets, reduce
inammation and intimal hyperplasia, and promote endothe-
lial cell (EC) growth.2,12–14 There have been plenty of researches
aimed at developing vascular gras with NO release or genera-
tion and better anti-thrombotic property and biological func-
tion. NO releasing material with blended or bounded NO
donors (mainly diazeniumdiolate and S-nitrosothiols) exhibits
shortages such as burst release, limited storage and toxicity
caused by leaching of donors.15 More and more people turn
their eyes to NO generating materials. Jun Yang et al. assembled
a NO generating surface via LbL deposition of sodium alginate
(Alg) and organoselenium modied polyethyleneimine (SePEI)
on quartz and polymeric substrates. The immobilized SePEI
species were capable of catalytically decomposing S-nitrosothiol
species (RSNO) to NO in the presence of thiol reducing agents.16

Bong Kyun Oh et al. examined an approach potentially useful
for the development of more thromboresistant polymeric
materials based on the catalytic generation of NO via Cu(I)
mediated reduction of nitrite ions.17 Nan Huang et al. immo-
bilized selenocystamine on TiO2 lm deposited on silicon wafer
and 316 stainless steel stents for catalytic generation of NO.18

Heparin (Hep) has been widely used as an anticoagulant
coating of vascular gras.19–22 Numerous studies have also
shown that Hep can inhibit migration and proliferation of
RSC Adv., 2017, 7, 18775–18784 | 18775
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smooth muscle cells (SMCs).23,24 Besides, an appropriate dosage
of Hep can selectively enhance EC but inhibit SMC prolifera-
tion.25,26 Additionally, it has been reported that Hep can be used
as an anti-inammatory drug in various models of inamma-
tory diseases.25,27 This means that a heparinized surface with
adequate drug density and release kinetics will inhibit throm-
bosis and restenosis but will not harm the endothelium.22

Polycaprolactone (PCL) is a commonly used candidate
material for small diameter articial blood vessels.28–33 PCL is
used as the main component because of its low cost and
stability in processing and storage.31–33

In order to develop an ideal small-diameter vascular gra,
many research groups have employed electrospinning to fabri-
cate brous scaffolds with mechanically compliant for vascular
regeneration.34–37 The gra obtained through electrospinning
can be tailored to closely resemble the structure and function of
the native extracellular matrix (ECM) in order to facilitate cell-
material interactions.37

In this contribution, we used PCL as the matrix material,
then SePEI and Hep were introduced through LbL assembly in
order to build a novel vascular gra with in situ NO generation.
The ability of this material to generate NO was evaluated. The
adhesion of EC, SMC and macrophage, spreading of SMC and
activation of macrophage were observed. The vascular gras
made from this material were implanted in rats to assess the
host tissue response. We hypothesized that this gra has the
ability to catalyze NO generation, enhance EC but inhibit SMC
proliferation and regulate macrophage activation.
2. Materials and methods
2.1. Materials

Poly-3-caprolactone (PCL, Mw 80 000) was obtained from Solvay
Interox Ltd, UK. Poly diallyldimethylammonium chloride
(PDDA, Mw 100 000–200 000, 20 wt% in water) and poly-
ethylenimine (PEI, Mw 25 000) were purchased from Sigma-
Aldrich. Griess Assay Kit was obtained from Beyotime Insti-
tute of Biotechnology.
2.2. Scaffold preparation

PCL brous scaffolds were prepared by electrospinning. Briey,
12% (w/v) PCL solution was prepared by dissolving PCL in the
mixture of methanol and chloroform (1 : 5 v/v). The prepared
solution was fed through a syringe pump at a ow rate of 2 mL
h�1. A high voltage of 18 kV was supplied by a high voltage
generator (DWP503-1AC, Dong-Wen High Voltage Power Supply
Factory, Tianjin, China) and the distance between the needle tip
(21-G) and the collector was 20 cm. The collectors for collecting
lms (a steel drum, diameter ¼ 4.7 cm) and tubular gras (a
steel rod, diameter ¼ 2 mm) were self-designed and made.
Syringe pump (74 900–05) from Cole Parmer was used in elec-
trospinning, and the collectors for electrospun lms were self-
designed and made. In addition, the temperature was around
25 �C and relative humidity was around 50%. The lm was dried
in vacuum to evaporate the residual solvent at room tempera-
ture for 48 h.
18776 | RSC Adv., 2017, 7, 18775–18784
2.3. Surface modication by LbL assembly

SePEI were synthesized according to reported method.38,39 The
surface modication of PCL electrospun lm with SePEI and
Hep was performed by LbL assembly. Briey, PDDA, SePEI, PEI
and Hep were dissolved in distilled water to make 1 mg mL�1

solutions. A PDDA/Hep bilayer was loaded as a precursor layer,
and then SePEI and Hep were deposited until a certain number
of bilayers ((SePEI/Hep)n) were reached. For each layer, the lm
was dipped into the solution for 10 min and then rinsed with
water and blown dry by air. PEI was used as control group
instead of SePEI.
2.4. SEM observation

The micromorphology of the materials before and aer modi-
cation was observed by scanning electron microscope (SEM;
QUANTA 200; FEI, USA) with an acceleration voltage of 15 kV.
Samples were gold-coated before SEM.
2.5. In vitro catalytic NO generation experiment

S-Nitrosoglutathione (GSNO) was synthesized as described in
literature and slightly modied:38,40 2 mL of 1 M HCl was added
to 2 mL of 100 mM reduced glutathione (GSH) on ice, in dark
and while stirring, followed by 2 mL of 100 mM NaNO2, and the
solution was kept in dark for 40 min; aer the reaction nished,
pH was adjusted to 7.0 using 1 M HCL and 1 M NaOH, and the
volume was made up to 10 mL by pure water; then the resulted
solution was diluted and read on a spectrophotometer at
335 nm, and the concentration of nal GSNO was calibrated via
a calibration curve according to the reported equation A ¼
0.92c.40

The PCL-(SePEI/Hep)n lm was cut into round pieces and put
into 48 wells plates, using PCL lm and PCL-(PEI/Hep)n as
control. 300 mL of working solution (200 mMGSNO, 200 mMGSH
and 2 mM EDTA in Phosphate Buffer solution) was added into
each well, and the plates were kept in dark for certain times.
Aer that, the catalytic NO generation was measured using
a Griess Assay Kit.
2.6. Static water contact angle measurement

Electrospun lm was put on a glass slide and the water contact
angle was measured. Images were shot using SPCA (HARKE,
Beijing, China) and determined using DrawTool. The average
was made out of ten parallel measurements (n ¼ 10).
2.7. Mechanical strength test

For mechanical testing, specimens (30 mm � 10 mm, n ¼ 6)
were prepared. Mechanical properties were determined by
a tensile-testing machine (2519-104, Instron, Norwood, MA,
USA) at an elongation speed of 10 mm min�1.
2.8. The adhesion of EC

For cellular experiments (section 2.8–2.14), sample lms were
cut into circular pieces, put into 48-well tissue culture poly-
styrene (TCPS) plates and sterilized under ultraviolet radiation
This journal is © The Royal Society of Chemistry 2017
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overnight. EC was colored by 1,10-dioctadecyl-3,3,30,30-tetrame-
thylindocarbocyanine perchlorate (DiI, Beyotime, China). Each
well was added with 1 � 104 of cells. 200 mM GSNO and 200 mM
GSH were added to the well and incubated for 4 h at 37 �C, 5%
CO2. The adhesion of EC on the membranes was examined by
uorescence microscopy. Cell counting was performed with
a hemocytometer.

2.9. The proliferation of EC

The proliferation of EC was assessed using MTT test. Each well
was added with 1 � 104 of cells. 200 mMGSNO and 200 mMGSH
were added to the well and incubated at 37 �C, 5% CO2. The
medium was changed every 24 h. 1 and 3 days aer seeding, 50
mL of 5 mg mL�1 MTT solution was added to the wells and
incubated for 4 h at 37 �C. DMSO was used to replace the
solution to dissolve the formazan salts, and the nal absor-
bance of each sample was measured using a Labsystems Mul-
tiskan RC 96-well microplate reader at 490 nm aer incubation
for 30 min at 37 �C.

2.10. Platelet adhesion test

Each well was added with 1 � 108 of platelets. 200 mM GSNO
and 200 mMGSH were added to the well and incubated for 1 h at
37 �C, 5% CO2.

According to the instructions of LDH (leakage of cytosolic
lactate dehydrogenase) Kit, the absorbance read at 490 nm to
determine LDH activity. In addition, the adhesion of platelets
on the membranes was examined by SEM.

2.11. The adhesion of SMC

SMC was colored by DiI. Each well was added with 1 � 104 of
cells. 200 mMGSNO and 200 mMGSH were added to the well and
incubated for 4 h at 37 �C, 5% CO2. The adhesion of SMC on the
membranes was examined by uorescence microscopy. Cell
counting was performed with a hemocytometer.

2.12. The spreading of SMC

Each well was added with 1 � 104 of cells. 200 mM GSNO and
200 mM GSH were added to the well and incubated for 4 h at
37 �C, 5% CO2. The spreading of SMC on the membranes was
examined by SEM.

2.13. The adhesion of macrophage

Macrophage (RAW264.7) was colored by DiI. Each well was
added with 1� 104 of cells. 200 mMGSNO and 200 mMGSHwere
added to the well and incubated for 6 h at 37 �C, 5% CO2. The
adhesion of RAW264.7 on the membranes was examined by
uorescence microscopy. Cell counting was performed with
a hemocytometer.

2.14. The spread of macrophage

Each well was added with 1 � 104 of RAW264.7. 200 mM GSNO
and 200 mMGSH were added to the well and incubated for 6 h at
37 �C, 5% CO2. The shape of RAW264.7 was examined by SEM.
This journal is © The Royal Society of Chemistry 2017
2.15. The histocompatibility of the material

The use of experimental animals was approved by the Animal
Experiments Ethical Committee of Nankai University and
carried out in conformity with the Guide for Care and Use of
Laboratory Animals. Animals were anesthetized upon intra-
peritoneal injection of chloral hydrate (300 mg kg�1), and the
hair on the back was removed. Four subcutaneous pockets on
the back were made by incision. Aer implanting brous
samples subcutaneously (PCL lms were placed subcutaneously
in the le side, PCL-(SePEI/Hep)10 lms were placed subcuta-
neously in the right side, n ¼ 4 for each sample), the incision
was sutured. Aer 1 and 2 weeks, implanted scaffolds were
retrieved with surrounding tissues. All the fresh tissues
attached to the matrices were removed without damage to the
underlying brous matrices. The explants were rinsed with
normal saline, and then stained by H&E method for
observation.

2.16. Statistical analysis

All quantitative results are reported as mean � standard devi-
ation. Student's t-tests analysis of variance was used to compare
the groups. High signicance was set at p < 0.01.

3. Results and discussions
3.1. Morphology of nanobrous mats

SEM images of PCL electrospun nanobrous mats are shown in
Fig. 1. The brous morphology of the scaffolds exhibited
continuous, smooth sub-micron bers without beads. The
electrospun nanobrous mats were little changed aer modi-
cation, and the outlines of polymer nanobers were well
preserved aer the treatments of self-assembly. In many
studies, self-assembly wouldn't seriously affect the structural
features of nanobers.41–43

3.2. Assay of in vitro catalytic NO generation

The result of in vitro catalytic NO generation (Fig. 2) shows that
the NO generation of the experimental group (PCL-(SePEI/
Hep)n) was signicantly higher than that of the control groups
(TCPS, PCL and PCL-(PEI/Hep)n). In addition, the NO genera-
tion increased with the increase of the layer number of
assembly and the time. This catalyzing approach has a great
potential in adaptability where the catalyzing ability could be
adjusted through the control of quantities of assembled layers
and loaded catalyst. Another advantage of this new material is
that when it contacts peripheral blood that provides a constant
source of NO donors there will avoid the burst release and
limited storage in NO generation prole, which is a critical and
inevitable crux for most NO releasing materials. In the following
experiments, we used PCL-(SePEI/Hep)10 materials which had
both an adequate NO generation and a ne micromorphology.

3.3. Characterization

As Fig. 3A shows, the contact angle of PCL was around
120�, while aer modication, the contact angle was
RSC Adv., 2017, 7, 18775–18784 | 18777
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Fig. 1 Micromorphology of electrospun nanofibrous mats before and after the deposition of the polyelectrolytes (SEM images). (A and B) PCL;
(C) PCL-(PEI/Hep)5; (D) PCL-(SePEI/Hep)5; (E) PCL-(PEI/Hep)10; (F) PCL-(SePEI/Hep)10; (G) PCL-(PEI/Hep)15; (H) PCL-(SePEI/Hep)15.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 2
/8

/2
02

6 
5:

28
:4

2 
PM

. 
 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
decreased to around 90�, showing that the assembly can
enhance the hydrophilicity of the materials. PCL is hydro-
phobic and does not have any physiological active sites,
18778 | RSC Adv., 2017, 7, 18775–18784
which makes it unfavorable for cell growth when contacting
with the living body,44 while the assembly can improve its
hydrophilicity.
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Catalytic NO generation from GSNO on different nanofibrous
mats (*p < 0.05; **p < 0.01; n ¼ 6). (A) PCL-(SePEI/Hep)5, PCL-(PEI/
Hep)5; (B) PCL-(SePEI/Hep)10, PCL-(PEI/Hep)10; (C) PCL-(SePEI/Hep)15,
PCL-(PEI/Hep)15; (D) PCL-(SePEI/Hep)n.

Fig. 3 Characterization of electrospun nanofibrous mats before and
after the deposition of the polyelectrolytes. (A) Contact angles (n¼ 10).
(B) Typical stress–strain curves (n ¼ 6).
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Some studies found that the optimum hydrophilic/
hydrophobic surfaces for the growth of SMC and EC were not
identical;45,46 and the optimum endothelialization can be ach-
ieved by moderately hydrophilic surface, which effectively
inhibits the proliferation of SMC without doing harm to EC.47

Moreover, albumin strongly adsorbed and resisted replacement
by cell adhesive proteins on hydrophobic self-assembled
monolayers, which effectively prohibited the cell adhesion.48

As a result, the assembly may be helpful for cell adhesion and
tissue regeneration for the improvement of the hydrophilicity of
PCL.

The tensile strengths of the electrospun mat were measured
using a tensile tester. According to the stress–strain curves
shown in Fig. 3B, the maximum stress of PCL was 1.5 MPa, and
the maximum strain was about 150%; those of PCL-(PEI/Hep)10
were 2.5 MPa and about 140% respectively; and those of PCL-
(SePEI/Hep)10 were 2.5 MPa and about 180% respectively (n ¼
6). The maximum stress of femoral artery was 1–2 MPa and the
maximum strain was 63–76%.49 It suggested that the assembly
didn't change the mechanical properties of PCL much, and its
mechanical properties can meet the demands of vascular tissue
engineering.
This journal is © The Royal Society of Chemistry 2017
3.4. In vitro cells culture

The results of in vitro cells experiments are shown in Fig. 4.
Fig. 4A shows the cell attachment aer incubating endo-

thelial cell for 4 h, while Fig. 4B shows the cellular proliferation
aer incubating endothelial cell for 1 day and 3 day. In Fig. 4A,
the image shows that ECs were attached on the mats aer
incubating the cells for 4 h. These results demonstrated cellular
attachment of ECs under static incubating on all the electro-
spun mats, and cell attachment on the PCL-(SePEI/Hep)10
sample was clearly better than the other two samples. Identi-
cally, in Fig. 4B, it had similar results. Aer 3 days, cell prolif-
eration on the PCL-(SePEI/Hep)10 sample was clearly better than
the other two samples, too. It indicated that the PCL-(SePEI/
Hep)10 sample was benet for promoting the adhesion and
propagation of ECs.

The result of platelet adhesion is shown in Fig. 4C. It can be
seen from Fig. 4C that compared with PCL, there was less
platelet adhesion on the samples aer modication, especially
PCL-(SePEI/Hep)10. Besides, the platelets which did adhere
were highly spherical in morphology indicating a non-
activated state on the PCL-(SePEI/Hep)10 sample. It's
supposed that on one hand, Hep is effective in combating
coagulation, which can decrease platelet adhesion and acti-
vation;22,50,51 on the other hand, PCL-(SePEI/Hep)10 sample can
induce GSNO to release NO, which plays a key role in pre-
venting platelet adhesion, aggregation and activation.2,18 So
aer assembly with SePEI and Hep, the material with good
anticoagulant hemorrhagic can inhibit platelet adhesion.
Earlier studies have demonstrated that NO releasing or
generating materials could efficiently reduce the adhesion of
platelets,2,18 and the gra constructed in this study showed
similar inhibiting function.

Fig. 4D shows the cell attachment aer seeding SMC for 4 h,
while Fig. 5 shows the cell morphology of SMC growth; in
Fig. 4D, the image shows that SMCs were attached on the mats
aer incubating for 4 h. These results demonstrated that cell
attachment on the PCL-(SePEI/Hep)10 sample was clearly less
than on the other two samples. In addition, in Fig. 5, cell
proliferation on the PCL-(SePEI/Hep)10 sample was clearly more
inhibited than the other two samples as evidenced by the
development of lamellipodia, which is an indicator of cell
spreading. It meant that NO catalytic effect played a more
important role in inhibiting the spreading of SMCs. It indicated
that the PCL-(SePEI/Hep)10 sample can inhibit the adhesion and
spreading of SMCs.

Fig. 4E shows the attachment aer incubating macrophages
cell for 6 h, while Fig. 5 shows the morphology of macrophages
on electrospun nanobrous mats. In Fig. 4E, the image shows
that macrophages were attached on the mats aer seeding the
cells for 6 h. These results demonstrated that cell attachment on
the PCL-(SePEI/Hep)10 sample was clearly less than the other
two samples. In addition, in Fig. 5, cell proliferation on the PCL-
(SePEI/Hep)10 sample was smaller than the other two samples,
which indicated that macrophages on the PCL-(SePEI/Hep)10
sample hadn't been activated.52,53 A common component of the
foreign-body response to implanted materials is the presence of
RSC Adv., 2017, 7, 18775–18784 | 18779
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Fig. 4 Cellular adhesion and proliferation on nanofibrous mats (*p < 0.05; **p < 0.01). (A) EC adhesion counted after 4 h of incubation with
GSNO and GSH (n ¼ 6). (B) EC proliferation measured by MTT assay after 1 and 3 days of incubation with GSNO and GSH (n ¼ 6). (C) Platelet
adhesion quantified by LDH assay after 1 h of incubation with GSNO and GSH (n ¼ 6). (D) SMC adhesion counted after 4 h of incubation with
GSNO and GSH (n ¼ 6). (E) Macrophage adhesion counted after 6 h of incubation with GSNO and GSH (n ¼ 6).

Fig. 5 Morphology of SMCs and macrophages on different samples (scale bar: 50 mm).
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adherent macrophages that fuse to form foreign-body giant
cells (FBGCs). It had been shown that thesemultinucleated cells
were responsible for the damage and failure of the implant.54

The adhesion of macrophages and formation of FBGCs have
been commonly observed on the surfaces of biomaterials.52–55

Results in this study meant that the PCL-(SePEI/Hep)10 sample
could inhibit the adhesion and activation of macrophages,
which might reduce the host foreign body response following
implantation of biomaterial.

Previous studies have shown that Hep is always considered
to harm ECs;56 however, some recent studies suggested that an
appropriate Hep dosage selectively enhances EC but inhibits
SMC proliferation.22,26 This means that the heparinized
surface with adequate drug density will inhibit thrombosis
18780 | RSC Adv., 2017, 7, 18775–18784
and restenosis but will not harm the endothelium.22 Moreover,
NO is conducive to endothelial regeneration;22 and it can lead
to vasorelaxation, endothelial regeneration, and inhibition of
leukocyte chemotaxis.57,58 These theories agreed with our
experimental results. Regulated by NO and Hep, the material
can promote the adhesion and propagation of EC, which is
benet for the rapid re-endothelialization of new blood
vessels; the material can inhibit the spreading of SMC, which
can prevent the neointimal hyperplasia. In addition, the
material can affect the activation of macrophages. These
results indicated that maybe the material can affect the
inammatory response to regulate the vascular remodeling.
The PCL-(SePEI/Hep)10 sample was proved useful to the
vascular remodeling in many ways.
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 In vivo biocompatibility of the nanofibrous mats (H&E staining of samples explanted after subcutaneous implantation; scale bar: 200 mm;
the black arrows indicate the mats). (A1) PCL, 1 week; (A2) PCL, 2 week; (B1) PCL-(SePEI/Hep)10, 1 week; (B2) PCL-(SePEI/Hep)10, 2 week.
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3.5. In vivo biocompatibility of electrospun nanobers
membranes

The 1 week post-operation is a high-incidence season of acute
inammatory response to biomaterials, which is marked by the
presence of neutrophils.59 At 1 week post-operation, the acute
inammatory response to biomaterials, marked by the presence
of neutrophils, usually resolves quickly. Fig. 6 shows the result
of H&E staining aer subcutaneous implant test. The black
arrows indicated the mats, and most of the cells stained darkly
were macrophages. In Fig. 6, there was no obvious cell aggre-
gation of neutrophils, which indicated that the materials had
good biocompatibility and caused no severe acute inamma-
tion. At 1 week aer implantation, it can be seen that compared
with the PCL sample; there were fewer macrophages around the
PCL-(SePEI/Hep)10 sample. And the result of 2 week aer
implantation didn't change much. The result indicates that the
acute inammatory response in the PCL-(SePEI/Hep)10 sample
was milder than the PCL sample. It may be due to NO can
inhibit the activation of macrophages.

NO had a number of protective effects for the health of blood
vessels, including inhibiting SMC proliferation and suppressing
adhesion of immune cells and platelets to the endothelium.58–60

From the results, we can see that the self-assembly materials for
catalytic NO can inhibit the adhesion and activation of macro-
phages. Maybe NO has effect on the macrophages in other ways,
such as functional polarization, a recent study has found that
NO effect involves polarization of macrophages toward an anti-
inammatory M2 phenotype.61 The M2 phenotype plays a major
role in tissue remodeling and suppression of inammatory
immune reactions by secreting transforming growth factor-
b (TGF-b) and IL-10.10,62,63 The presence of such anti-
This journal is © The Royal Society of Chemistry 2017
inammatory cytokines and the tissue remodeling response
can aid in the vascularization of regenerative biomaterials by
inhibiting brous tissue formation.10 This still needs further
study.
4. Conclusions

In this study, SePEI and Hep were introduced through LbL
assembly in order to build a vascular gra with in situ NO
generation. The catalyzing capability was demonstrated by in
vitro NO generation experiment, and the cellular compatibility
was proven good in broblast proliferation test. In biological
function evaluations, the PCL-(SePEI/Hep)10 sample can
promote the adhesion and propagation of EC, inhibit the
adhesion and spreading of SMC, inhibit the adhesion and
activation of macrophages, and effected the macrophages
around the materials implanted in rats. This study is novel in
that we utilized the approach of catalytic NO generation to
improve the blood compatibility and biological function of
small-diameter vascular gra, and we made a preliminary study
of the macrophages, including the adhesion and activation of
macrophages, and the biocompatibility of materials implanted
in rats. This would provide a promising method for bioactive
materials and vascular tissue engineering research. In vivo
experiments using tubular gras built frommaterials described
in this study are now ongoing.
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