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Abstract
For the surgical treatment of cardiovascular disease (CVD), there is a clear and unmet need in developing small-diameter
(diameter < 6 mm) vascular grafts. In our previous work, sulfated silk fibroin (SF) was successfully fabricated as a potential
candidate for preparing vascular grafts due to the great cytocompatibility and hemocompatibility. However, vascular graft
with single layer is difficult to adapt to the complex internal environment. In this work, polycaprolactone (PCL) and sulfated
SF were used to fabricate bilayer vascular graft (BLVG) to mimic the structure of natural blood vessels. To enhance the
biological activity of BLVG, nicorandil (NIC), an FDA-approved drug with multi-bioactivity, was loaded in the BLVG to
fabricate NIC-loaded BLVG. The morphology, chemical composition and mechanical properties of NIC-loaded BLVG were
assessed. The results showed that the bilayer structure of NIC-loaded BLVG endowed the graft with a biphasic drug release
behavior. The in vitro studies indicated that NIC-loaded BLVG could significantly increase the proliferation, migration and
antioxidation capability of endothelial cells (ECs). Moreover, we found that the potential biological mechanism was the
activation of PI3K/AKT/eNOS signaling pathway. Overall, the results effectively demonstrated that NIC-loaded BLVG had
a promising in vitro performance as a functional small-diameter vascular graft.
Keywords Bilayer vascular grafts · Nicorandil · Sulfated silk fibroin · Endothelial cell function · PI3K/AKT/eNOS pathway

Introduction
Cardiovascular disease (CVD) is still the primary cause of
morbidity and mortality worldwide, and coronary artery disease (CAD) is the most extrusive form of CVD [1, 2].
Occlusion of blood vessels is the main reason of CVD, which
impedes blood supply to crucial organs. Coronary artery
bypass grafting (CABG) is commonly used in therapeutic
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strategies of CVD [3]. Surgeons often consider autologous
vessels such as saphenous vein as their first choice for CABG.
However, donor-site morbidity and autologous vascular deficiency limited the application of autologous grafts [4]. Thus,
it is urgent and crucial to develop artificial vascular grafts as
an alternative in CABG.
Currently, there are still many confusing problems in
the research of artificial vascular grafts, especially in
small-diameter vascular grafts (diameter < 6 mm), including difficulty in spontaneous endothelialization and acute
thrombosis [5, 6]. These problems are usually related to
vascular endothelial cell (EC) functions of the patients. Compared with healthy people, EC functions in CABG patients
are significantly reduced, due to the complications such
asatherosclerosis, diabetes and other chronic diseases [7, 8].
The endothelial dysfunction directly reduces the long-term
patency rate of patients after bypass surgery [9]. Therefore, designing and fabricating novel small-diameter vascular
grafts combined with bioactive components to improve EC
functions and solve acute thrombosis problems at the same
time is a feasible strategy.
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Nicorandil (N-(2-hydroxyethyl)-nicotinamide nitrate)
(NIC), a adenosine triphosphate (ATP)-sensitive potassium
(KATP) channel opener combined with nitric oxide (NO)
donor activity and antioxidant activity, is clinically used as an
antianginal drug [10]. However, many researchers believed
that NIC could contribute beneficial effects in cardiovascular system. Umaru et al. reported that NIC could promote
angiogenesis via improving the migration capability and network functions of ECs [11]. Serizawa et al. proved that NIC
could regulate endothelial dysfunction caused by chronic disease through its antioxidative effects [12]. Horinaka et al.
showed that NIC could prevent ventricular remodeling and
degradation of cardiac function through upregulating cardiac
endothelial NO synthase (eNOS) expression by activating
KATP channels [13]. In addition, compared with some novel
compounds, as an FDA-approved drug, NIC is more safe for
further clinical applications [14]. Therefore, we decided to
add NIC in our vascular graft as a bioactive component to
enhance EC functions and accelerate spontaneous endothelialization of vascular grafts.
Silk fibroin (SF) is a natural polymer extracted from
Bombyx mori cocoons. Due to minimal immunogenicity,
controllable biodegradability and suitable mechanical properties, SF-based scaffolds are used as alternatives to the
clinically approved artificial grafts [15–17]. In recent years,
several studies have shown that SF is an attractive biomaterials for vascular applications withgreat potential for
developing small-diameter vascular grafts [18–20]. In our
previous study, we fabricated sulfated SF to impart anticoagulant activity on SF. The results showed that both sulfated
SF-based biomaterials and sulfated SF coating materials
had great anticoagulant activity. In addition, vascular cells
attached and proliferated well on the surface of sulfated
SF [21–23]. Thus, to solve acute thrombosis problem after
bypass surgery as well as improve the hemocompatibility of
vascular graft, using sulfated SF as the substrate of vascular
graft is a reasonable and attractive choice.
However, application of single-layer vascular graft is hard
to receive satisfactory results in clinical application. Thus,
designing multilayer biomimetic structure vascular graft will
be an effective way in future studies [24, 25]. As a facile,
versatile and cost-effective technology, electrospinning has
been widely used in developing multilayer scaffolds [26, 27].
In recent years, many researchers have used electrospinning
to develop multilayer vascular graft [28, 29]. Moreover, the
micro-/nanofibers fabricated by electrospinning can become
a great drug delivery system, and their drug release behavior
can be manipulated by regulating fiber diameter and porosity [30, 31]. Yang et al. combined decellularized rat aorta
(DRA) and electrospun PCL to fabricate a hybrid vascular
graft, loading rapamycin (RM) in the PCL layer. The results
of in vitro release study showed that the vascular graft exhibited controlled and sustained release of RM [32]. Shi et al.
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prepared an aspirin-triggered resolvin D1 (AT-RvD1)-loaded
electrospun vascular graft that could continuously release
AT-RvD1 over 7 days [33]. Therefore, electrospinning technology has great potential in making multilayer vascular
grafts with drug delivery capability.
In this study, a bilayer vascular graft loaded with NIC
was fabricated with electrospinning technology. Poly(εcaprolactone) (PCL), a biocompatible polymer approved by
FDA, was used to prepare the thick outer layer of vascular
graft, mimicking the smooth muscle layer of natural blood
vessels [34]. Thin inner layer was fabricated by sulfated SF to
mimic the endothelial layer. NIC was utilized as a bioactive
component, loaded in both the outer layer and inner layer to
achieve biphasic release based on fiber diameter and porosity.
We assessed the morphology, chemical composition, wettability and mechanical properties of the nicorandil-loaded
bilayer vascular graft (NIC-loaded BLVG). In vitro drug
release behavior and its effect on EC function were also
detected. Moreover, the molecular mechanism of NIC-loaded
BLVG-mediated EC function increase was investigated by
western blot assay.

Materials and methods
Chemicals and materials
Poly(ε-caprolactone) (PCL, Mn  80,000), chlorosulfonic
acid, pyridine and collagenase II was obtained from SigmaAldrich (St. Louis, Mo., USA). Raw Bombyx mori silk fibers
were supplied from Suzhou Maoda Textile Co., Ltd (Suzhou,
China). Nicorandil (NIC) were obtained from Dalian meilunbio Co., Ltd (Dalian, China). Endothelial cell medium (ECM)
were obtained from Sciencell (San Diego, CA., USA).
Sodium carbonate anhydrous (Na2 CO3 ), hydrogen peroxide (H2 O2 ), calcium chloride anhydrous (CaCl2 ), methanol,
ethanol, chloroform (CHCl3 ) and 1,1,1,3,3,3-hexafluoro-2propanol (HFIP) were obtained from Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). 0.25% trypsin,
4 ,6 -diamidino-2-phenylindole hydrochloride (DAPI) solution, TRITC phalloidin, 4% paraformaldehyde (PFA), Triton
X-100, phosphate buffer saline (PBS, pH  7.4), mounting medium, glass coverslips, dimethyl sulfoxide (DMSO),
RIPA buffer, CCK-8 assay kit, BCA kit, SDS-PAGE gel
kit, SDS-PAGE electrode buffer, WB transfer buffer, nonfat
powdered milk, Tris-buffered saline, Tween 20, polyvinylidene fluoride (PVDF) membrane and ECL western blotting
substrate were obtained from Solarbio lifescience (Beijing,
China). Primary antibody against Akt (ab179463), p-Akt
(ab38449), p-PI3K (ab182651) and p-eNOS (ab230158) was
obtained from Abcam (Cambridge, UK). Primary antibody
against PI3K (#4292), eNOS (#32027) and β-actin (#3700)
was obtained from Cell Signaling Technology (Boston,
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MA., USA). Secondary antibody ZB-2301 and ZB-2305
was obtained from Beijing ZSGB-BIO Co., Ltd (Beijing,
China). Ultrapure water was produced with a Millipore MilliQ Reference ultrapure water purifier (Molsheim, France). All
materials, unless stated, were of analytical grade.

Preparation of sulfated silk fibroin
SF solution was fabricated according to a previously published procedure [35]. First, the raw silk fibers were
degummed in 0.1% (w/v) sodium carbonate anhydrous solution at 100 °C for over 30 min. Then, the degummed silk
fibers were rinsed in ultrapure water three times to ensure
the remnant sericin had been removed. Degummed silk fibers
were next dissolved in a mix solution which formed by calcium chloride anhydrous, ethanol and ultrapure water (mole
ratio  1:2:8) at 80 °C with continuous stirring. After the
degummed silk fibers were completely dissolved, the SF
solution was dialyzed against ultrapure water using a SnakeSkin Pleated Dialysis Tubing (PIERCE, MWCO 3500) at
room temperature for over 3 days, and the ultrapure water
in dialysis container was changed every 6 h. Finally, the SF
solution was freeze-dried for 48 h to prepare SF sponges and
kept in a vacuum-drying desiccator for future use.
Sulfated SF was fabricated according to our previously
study [21]. Chlorosulfonic acid (10 mL) was slowly added
into pyridine (60 mL) in an ice bath and put SF sponges (1 g)
into the mixture solution. Then, continuously stirred the reaction system, which was in a thermostatically controlled bath
(temperature gradually increased from 0 to 80 °C). After
reaction for 1 h, about 200 mL ultrapure water was added
into the reaction system and the system was subsequently
neutralized by equivalent molar sodium hydroxide solution.
Vacuum filtration was used to remove insoluble materials
before the remaining soluble portion was precipitated by
adding ethanol (500 mL). The precipitate was harvested by
centrifuging (4 °C, 10,000 rpm for 20 min), then the supernatant was discarded and the precipitate was redissolved with
small amount of ultrapure water. Sulfated SF solution was
followed by dialyzed and freeze-drying, and the procedure
was same as the SF solution.
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media for outer layer consisted of 18 w/v% PCL are dissolved in methanol/CHCl3 / (1:5, v/v) mix solution and 0.9
w/v% NIC powder was dispersed in the solution. The inner
layer consisted of 12 w/v% sulfated SF dissolved in HFIP
and 0.6 w/v% NIC powder dispersed in the liquid. The flow
rates of outer-layer and inner-layer formulations were fixed
at 8 and 2 mL/h. And the electric field condition was 14 kV
for both inner and outer layers prepared. The collection distance between nozzle and collector was 17 cm and 15 cm,
respectively. The diameter of the stainless steel mandrel on
the rotatable collector was 2 mm, and the rotation speed of the
device was 300 rpm/min. To fabricate NIC-loaded BLVG, the
inner layer electrospinning parameters were used as step 1,
followed by outer layer parameters as step 2. After these two
steps, the graft was removed from the stainless steel mandrel
and placed into a vacuum dryer for over 48 h to remove the
residual solvent. Before using NIC-loaded BLVG for further
research, the graft was exposed to UV light for over 48 h as
sterilization. All grafts were fabricated at room temperature
(25 °C).

Characterization of NIC-loaded BLVG
Morphology study
The morphology and structure of the electrospun grafts
were examined using a scanning electron microscopy (SEM,
FEI QUANTA FEG250, USA). All samples were sputtering
coated with platinum for 90 s and observed at an acceleration
of 10 kV. Based on the SEM images, the average fiber diameter and pore size of each sample were analyzed with ImageJ
software (NIH). At least 100 fibers and 70 pores were manually analyzed in this part. The porosity of different samples
were detected with a liquid intrusion method [36]. Dry samples were weighed and then immersed in liquid overnight
for complete wetting. The samples were then gently wiped
to remove excess liquid and weighed again. Sample porosity
was calculated using the following equations:
Vliquid 

Fabrication of NIC-loaded BLVG
NIC-loaded BLVG was fabricated by electrospinning using
an apparatus as shown in Fig. 1a. The device included a single nozzle system, syringe pump (KD Scientific, KDS100,
USA), high-power voltage supply (Glassman high voltage
Inc. series FC, USA), a rotatable collector and a jet imaging device (CCD camera) (Baumer TXG02C, Germany).
Briefly, formulated liquid was injected into capillaries with
21G stainless steel needle which was controlled by precision syringe pumps. For all NIC-loaded BLVG, formulated
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Vsample 

Mwet − Mdry
,
Q liquid
Mdry
,
Q sample

Porosity  

Vliquid
 × 100%.
Vliquid + Vsample

Here, M dry represented the dry weights of samples. M wet
represented the wet weights of samples. Q represented the
density.
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Fig. 1 a Schematic diagram of
preparing NIC-loaded BLVG by
using two-step electrospinning.
b Digital image of dripping
mode of electrospinning process
at 0 kV. c Digital image of stable
jet mode of electrospinning
process at 14 kV

Fourier transformed infrared (FTIR) test
In this part, samples were first cut into small pieces, and
then, FTIR 7600 spectrophotometer (Lambda Scientific,
Australia) was used to analyze the composition and chemical
structure. For each measurement, the spectra was recorded
in the range of 500–4500 cm−1 . Spectra were obtained using
30 scans at a resolution of 4 cm−1 .
Wettability
In order to detect wettability of the graft, water contact angle
measurements were obtained with a contact angle analyzer
(Shanghai Powereach Digital Technology Equipment Co.
Ltd., China). A 1 μL droplet of ultrapure water was dropped
on the surface of samples. The contact angles were analyzed
at the initial state and at 0, 10, 20, 30, 40, 50 and 60 s. Each
sample was testedat least 5 times. The mean of the analysis
results was used for plotting.
Mechanical test
The mechanical properties of the graft were detected using
a universal tester (Instron 3344; Instron, Co. Ltd., UK) with

a 100 N load cell at room temperature. Rectangular samples
with dimension of 3 × 15 mm and thickness of about 450 μm
were used in this test. The distance between two clamps was
2 mm, and the tensile speed was 2 mm/min. The stress–strain
curves and other crucial parameters were determined.

NIC loading and in vitro drug release study
The loading capacity (LC) and encapsulation efficiency (EE)
of NIC in the graft were measured using the following equations [37, 38]. The LC of NIC in the graft was calculated
using Eq. (1):
LC (%)
 
Amout of NIC content entarapped in BLVG mg

Weight of BLVG
(1)
× 100%.
The EE of NIC in the graft was calculated using Eq. (2):
EE (%)
 
Amount of NIC content entarapped in BLVG mg
 

Theoretical total amout of NIC mg
× 100%.
(2)
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To evaluate NIC release from the graft in vitro, a sample of 200 mg total mass was incubated in 20 mL of PBS
buffer. The release of NIC was measured in triplicate under
sink conditions at 37 °C. At predetermined time intervals,
2 mL of release solution was transferred for UV–Vis absorption measurements at 262 nm (UV-2600 spectrophotometer,
Shimadzu, Japan) [39]. Release medium was replaced with
same volume of fresh PBS buffer. The percentage of NIC
released was calculated using Eq. (3):
NIC release (%) 

Qt
× 100%.
Qs

(3)

Here, Qt represented the quantity of NIC released at time
t, and Qs represented the total quantity released.

Cell viability
The PCL-VG, BLVG and NIC-loaded BLVG were cut into
circular disks with diameter of 10 mm before being placed on
the bottom of 48-well plates, and the samples were covered
by using sterile glass coverslips to avoid sample floating. ECs
were seeded at a density of 5 × 103 /well in 300 μL of media.
After 6 and 12 h, cell viability was measured by CCK-8 assay.
In detail, supernatant was removed and 300 μL of CCK-8
working solution was added in each well to be cultured in
37 °C for another 2 h. Finally, 100 μL of the supernatant
was taken and added to 96-well plates. The absorbance at
wavelength 450 nm was detected using a micro-plate reader
(VersaMax, Molecular Devices, USA). All samples were
measured in triplicate.
Cell migration assay

In vitro cell studies
Cell culture
Human umbilical vein endothelial cells (HUVECs) were
extracted from human umbilical cord veins which harvested
from Haidian Maternal and Child Health Hospital (Beijing,
China). All the procedure was proved by the ethics committee of the hospital. And informed consent was provided
according to the Declaration of Helsinki. The endothelial
cells (ECs) were detached from the lumen of umbilical vein
by trypsinization with 1 mg/mL of collagenase II at 37 °C
for 15 min. The detached cells were resuspended and seeded
on 10 cm culture dishes and cultured in ECM. The cells were
maintained at 37 °C in a humidified incubator with 5% CO2 ,
and culture medium was changed every 2 days. All the cell
harvest procedures were based on our previous studies [40].

EC migration was studied by wound healing assay. The cells
were seeded on the bottom of 24-well plates with sterile glass
coverslips. While the cell covers about 80%–90% area of the
plate, the PCL-VG, BLVG and NIC-loaded BLVG were cut
into circular disks with diameter of 13 mm and put into the
bottom of 24-well plates. The wound was uniformed by using
200 μL pipette tip. At predetermined incubation time, cells
were stained with TRITC phalloidin and DAPI, the staining
procedure is the same as “Cell proliferation assay” section.
The cells were observed by using confocal microscope. The
migration distance was quantified by using Eq. (4):
Migration distance (%) 

A0 − A1
× 100%.
A0

(4)

Here, A0 represented the distance of initial wound distance,
A1 represented the residual distance of wound.

Cell proliferation assay
Cell H2 O2 injury model
The cells were seed on the bottom of 24-well plates with
sterile glass coverslips. Cells were adhered for 24 h. The
PCL-VG, BLVG and NIC-loaded BLVG were cut into circular disks with diameter of 13 mm and put into the bottom of
24-well plates. The glass coverslips which seeded with cells
were used to cover the samples to avoid sample floating.
At predetermined incubation time, cells were removed from
incubator and then fixed in 4% PFA for 10 min. Then, the cells
were incubated in 0.1% Triton X-100 for 15 min to permeabilize cell membranes. Finally, the cells were stained with
TRITC phalloidin and DAPI working solution for 30 min,
respectively, to show cytoskeleton and nucleus. The fluorescent signal was detected using confocal microscope (Leica
Microsystems GmbH, Mannheim, Germany). This method
was based on previous studies [41].
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ECs were seeded into 24-well plates with sterile glass coverslips. After cells were adhered for 24 h, the supernatant was
removed and serum-free medium with 500 μmol/L H2 O2
was added into each well and incubated for 6 h. The cells
were then rinsed three times with PBS to remove residual
H2 O2 . Then the PCL-VG, BLVG and NIC-loaded BLVG
were cut into circular disks with diameter of 13 mm and put
into the bottom of 24-well plates, and the glass coverslips
which seeded with cells were used to cover the samples to
avoid sample floating. Cells were incubated with the sample
for 1 or 2 days. After that, the cells were stained with TRITC
phalloidin and DAPI, and the staining and observing procedure was the same as “Cell proliferation assay” section. The
cell density was quantified by ImageJ software.
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Western blot

Characterization of NIC-loaded BLVG

Total protein from ECs was harvested in RIPA buffer, and
concentration was quantified using BCA assay. Before loading samples in the gels, protein level of ECs was adjusted
equally by loading buffer. Then samples of equal volume
were loaded in each well. Protein was separated by 10%–12%
SDS-PAGE and subsequently transferred to a 0.45 μm PVDF
membrane followed by subsequently incubated with 5% nonfat milk in TBST buffer (Tris-buffered saline with 0.1%
Tween 20) for 1 h at room temperature. Then, the membranes were incubated with corresponding primary antibody
at 4 °C for over 12 h, followed by incubated with secondary
antibody at room temperature for 1 h. The membranes were
washed 3 times by TBST buffer between each procedure.
Immunoreactivity were visualized with an enhanced ECL.
The results were analyzed with ImageJ software. The procedure of western blot based on the previous study [42].

The surface morphology of vascular grafts was observed
using digital camera and SEM. Figure 2a shows the optical
image of NIC-loaded BLVG prepared by electrospinning.
SEM images in Fig. 2b showed the clear bilayer structure
of NIC-loaded BLVG. Figure 2c shows a partially enlarged
image. The bilayer structure consisted of a thin inner layer
and a thick outer layer, and the two layers are tightly connected with minimized gap. Figure 2d–g shows the outer
layer and inner layer fiber structure of the vascular graft
with or without loaded NIC. The presence of NIC did not
influence their electrospinnability. And there were no large
NIC crystals presenting on the surface of the NIC-loaded
fiber group, implying that NIC was homogeneously dispersed
in the electrospun fibers. Figure 2h–m shows the statistical
histogram of fiber diameters, pore sizes and porosity. The
diameters of PCL fibers in outer layer with or without loaded
NIC were 7.38 ± 0.17 μm and 7.09 ± 0.27 μm, the pore size
was 31.9 ± 1.9 μm and 32.6 ± 1.6 μm, and the porosity was
75.7 ± 3.7% and 76.2 ± 3.0%, respectively. The diameters of
sulfated SF fibers in inner layer with or without loaded NIC
were 3.11 ± 0.14 μm and 3.02 ± 0.15 μm, the pore size was
6.83 ± 0.4 μm and 6.51 ± 0.27 μm, and the porosity was
45.7 ± 2.3% and 44.6 ± 1.3%, respectively. All the electrospinning fibers had a smooth surface, uniform diameter and
pore size. After adding NIC in the electrospinning solution,
the diameter of NIC-loaded fiber was slightly increased, but
it is not statistically significant.
FTIR spectroscopy was used to confirm the chemical composition of different samples. Figure 3a shows the FTIR
curve of SF and sulfated SF. Compared with SF sample,
significant changes could be found in the FTIR image of sulfated SF sample. Strong absorptions were shown at 1014.1
and 1058.7 cm−1 , which were attributed to the vibrations
of organic sulfate salts. Sulfation of SF also caused the progressive increase in intensity and broadening of the bands in
the 1180–1300 cm−1 range, which was attributed to –S=O
stretching vibrations. In both SF and sulfated SF groups,
the strong absorptions were shown at 1600 to 1700 cm−1
interval, 1520 cm−1 and 1540 cm−1 , which were attributed
to the amide I and II bands of SF. In addition, these characteristic bands in the sulfated SF group shifted a little to
high wave numbers, which might be due to the sulfation of
SF [21]. This result indicated that the reaction with chlorosulfonic acid succeeded to incorporate sulfate groups in SF
molecules. Figure 3b shows the FTIR results of different
layers of the vascular grafts. Outer layer was prepared by
PCL, and the characteristic absorption peaks of PCL were
observed at 2937 cm−1 , owing to the asymmetric stretching
vibration. The peak at 1726 cm−1 indicated –C=O stretching
vibration, while the peaks at 1236 cm−1 and 1292 cm−1 were
attributed to –C–O stretching vibrations. The inner layer was

Statistical analysis
All the data in this study were presented as mean ± standard
error of mean (SEM). Data between two groups were measured with an independent t-test, and more than two groups
were tested by one-way ANOVA, followed by Tukey’s HSD
post hoc comparison. Statistical analysis was carried out
using SPSS software (SPSS Statistics version 21, IBM, UK).
Statistical significance was considered at P values < 0.05. All
experiments were performed independently and repeated at
least three times.

Results and discussion
Fabrication of NIC-loaded BLVG
NIC-loaded BLVG were successfully fabricated by using
electrospinning technology. The schematic diagram of the
prepare procedure is shown in Fig. 1a. In detail, the inner
layer preparation conditions were firstly used to prepare the
thin sulfated SF layer of NIC-loaded BLVG for the growth
and proliferation of ECs to mimic the natural endothelial
layer. And then, the outer layer preparation conditions were
used to prepare the thick PCL layer of NIC-loaded BLVG
for the growth and proliferation of SMCs to mimic the natural smooth muscle layer. Figure 1b shows solution yielding
the dripping mode once added into nozzle assembly at 0 kV.
Under gravitational force, the solution dropped naturally with
the infusion of the syringe pump. In contrast, stable jetting
behavior of solution was observed at 14 kV (as shown in
Fig. 1c). The result suggested the electrospinning process in
this study was stable and controllable.
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Fig. 2 Morphology of NIC-loaded BLVG. a Optical image of NICloaded BLVG. b SEM image of NIC-loaded BLVG. c Local enlargement
of bilayer structure vascular graft. d, e SEM image of outer layer PCL

fabricated by sulfated SF, which was similar as the curve
in Fig. 3a. The spectra of NIC showed peaks at 3075 cm−1
and 3243 cm−1 , owing to aromatic –C–H stretching vibration and amide –N–H stretching vibration. The peaks at
1361 cm−1 –NO2 stretching, 1590 cm−1 C=C aromatic and
1555 cm−1 –N–O asymmetric stretching were also the characteristic peaks of NIC. The characteristic peaks of NIC were
not clearly observed at the FTIR spectra of outer layer +NIC
group and inner layer +NIC group. This might be due to the
relatively low NIC content loaded in the vascular graft in
comparison with the main ingredient constituents, and the
NIC characteristic peaks were covered by the peak of other
constituents. The FTIR spectra of other constituents were
not influenced by NIC, indicating that NIC had no chemical
interaction between PCL and sulfated SF.
Hydrophilic/hydrophobic characteristics of the different
layer of BLVG were detected by water contact angle. In
detail, the contact angles of outer layer, outer layer +
NIC, inner layer and inner layer +NIC were 105.3 ± 5.7,
100.5 ± 4.5, 65.0 ± 1.4 and 62.5 ± 1.8, respectively. Compared with inner layer, the outer layer had a more hydrophobic surface. The contact angles of these groups were also
detected at predetermined time intervals (as shown in Fig. 4).
The result indicated that the presence of NIC increased the
wettability of both the outer and inner layers. Thus, NIC-
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fibers with or without loaded NIC. f, g SEM image of inner layer sulfated SF fibers with or without loaded NIC. h–m Statistical results of
fiber diameter, pore size and porosity

Fig. 3 FTIR spectra. a FTIR spectra of SF and sulfated SF. b FTIR
spectra of different parts of vascular grafts
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Fig. 4 Water contact angle values of the inner layer and outer layer of
BLVG with or without loaded NIC at different times

loaded BLVG was more suitable for cell adhesion and growth
due to the better wettability compared with the BLVG [43,
44].
The mechanical properties of vascular grafts are crucial for
maintaining their shape and structural integrity during surgical procedures. Figure 5a shows the stress–strain curves
of BLVG and NIC-loaded BLVG. Figure 5b–d shows the
crucial parameter of the graft. In detail, the Young’s modulus of BLVG and NIC-loaded BLVG was 0.75 ± 0.06 MPa
and 0.81 ± 0.05 MPa, respectively. The max stress was
6.23 ± 0.43 MPa and 6.01 ± 0.23 MPa, respectively. And
elongation at break was 522.8 ± 18.5% and 544.0 ± 24.2%,
respectively. These results were similar to those of the vascular grafts prepared by PCL, suggesting that the mechanical
strength of BLVG was mainly provided by the outer layer,
and loading NIC in the BLVG did not significantly affect
the mechanical properties of the graft [45]. All these parameters were higher than those of the natural blood vessels,
which suggested that NIC-loaded BLVG was suitable for
clinical application including withstanding the force required
for bypass suture and maintaining the original lumen structure for blood flow [46].

In vitro release study
Outer layer-loaded BLVG (hosting NIC only in the outer
layer of BLVG), inner layer-loaded BLVG (hosting NIC
only in the inner layer of BLVG) and NIC-loaded BLVG
(NIC loading into both the outer layer and the inner layer
of BLVG) were used to detect in vitro drug release behavior
based on structural variations. Electrospinning technology
was an effective method to load bioactive components into
vascular graft in a single step. LC confirmed the feasibility of NIC encapsulation into BLVG, while EE provided
an indication on NIC encapsulation levels within BLVG.
LCs of outer layer-loaded BLVG, inner layer-loaded BLVG
and NIC-loaded BLVG were 4.30 ± 0.23%, 4.61 ± 0.16%,

Fig. 5 Mechanical properties. a Typical stress–strain curves of BLVG
and NIC-loaded BLVG. b–d Comparison of the Young’s moduli (b),
max strength (c) and elongation at breakage (d)

4.36 ± 0.18%, while the EEs were 85.9 ± 4.7%, 92.3 ± 3.2%,
87.3 ± 3.6%. In vitro release curve of 48 h test period is shown
in Fig. 6a (different BLVG schematics shown as insets). The
results indicated that BLVG prepared through electrospinning technology successfully loaded NIC into BLVG, which
in turn showed the appreciable drug stability during preparing process and high quantities of NIC encapsulation.
The relatively thicker fibers and larger pore sizes of outer
layer-loaded BLVG significantly increased the contact area
between drug and release medium. Thus, after 24 h, 97.5%
of NIC from outer layer-loaded BLVG was released. The
inner layer-loaded BLVG with thinner fibers and smaller pore
sizes, which hosted NIC only in the inner layer, exhibited
sustained release over 96 h (93.1% of contained drug). The
results showed that NIC-loaded BLVG displayed a biphasic
release pattern, including a burst release period during the
first 24 h (72.6% of contained drug) and a sustained release
phase from 24 to 96 h (94.3% of contained drug). Sustained
release was studied for a further 7 days, and the release profiles are shown in Fig. 6b (release between 0 and 4 h shown as
insets). Outer layer-loaded BLVG, inner layer-loaded BLVG
and NIC-loaded BLVG released 99.4, 98.8 and 99.5% of
the encapsulated drug, respectively, over the extended test
period.
Burst release from BLVG was facilitated by the outer layer
depending on the large pore size and thick fibers. This outer
layer structure could be regulated by changing the contents
of infused materials and some key parameters during the
electrospinning process. Biphasic release profile from NICloaded BLVG indicated that the drug delivery system was
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Fig. 7 Detection of proliferation capacity of ECs. a Fluorescent staining
of ECs. b CCK-8 assay measuring the cell viability of ECs. *p < 0.05

Fig. 6 In vitro release of NIC from different BLVG. a 24 h release of
NIC. b 7 days release of NIC, the data points between 0 and 4 h was
magnified and shown inside

capable of delivering drug rapidly after bypass surgery in the
first 24 h and steadily releasing drug for over 4 days to continuously exert its biological activity. Thus, NIC-loaded BLVG
could provide rapid onset and long-lasting regulation strategies on target cells, where the outer layer provided the rapid
release and the inner layer provided the sustained release [47,
48]. Although the in vitro release study is under sink conditions, in vivo release process from NIC-loaded BLVG will
provide valuable complimentary information.

NIC-loaded BLVG improved the proliferation
capacity of ECs
ECs, living on the inner wall of human blood vessels, are a
natural barrier to prevent thrombosis and anastomotic intimal
hyperplasia [49]. Thus, enhancing EC function and facilitat-
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Fig. 8 Migration capacity of ECs. a Fluorescent staining after the wound
healing assay of ECs. b Ratio of migration after culture ECs on different
vascular grafts. **p < 0.01, ***p < 0.001

ing spontaneous endothelialization are crucial for improving
long-lasting patency rate of vascular grafts. Many efforts
have been made in the field of developing novel vascular
grafts with the ability of enhancing EC functions [50, 51].
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Fig. 9 Evaluation of antioxidation capacity of NIC-loaded BLVG. a Phalloidin/DAPI staining of ECs after H2 O2 jury. b Relative cell coverage area
of Phalloidin/DAPI staining images. c Cell density of ECs on different vascular grafts. *p < 0.05, **p < 0.01, ***p < 0.001

Our previous research showed that sulfated SF with outstanding biocompatibility and hemocompatibility was a suitable
biomaterial for preparing vascular grafts. In addition, PCL,
approved by FDA, was always used as the substrate of vascular graft to provide necessary mechanical properties [36].
To investigate the effect of vascular graft on cell proliferation, ECs were seeded onto 24-well plates and cultured for
12 h and 24 h, respectively. Figure 7a shows the fluorescence
images of cytoskeleton and nucleus of ECs grown on different vascular grafts. It could be found that there was little
difference in the proliferation of ECs on the three groups after
culture for 12 h. However, the cell numbers of ECs became

apparently different among PCL-VG, BLVG and NIC-loaded
BLVG groups with the extension of culture time. Compared
with PCL-VG and BLVG groups, the EC numbers of NICloaded BLVG group were significantly increased after 24 h
of culture, indicating that the NIC released by NIC-loaded
BLVG exerted its biological function to facilitate EC proliferation.
Cell viability was evaluated further using CCK-8 assay
(Fig. 7b). The cell viabilities of BLVG and NIC-loaded
BLVG groups were normalized as the relative percentage
with respect to the PCL-VG group at 24 h which was specified as 100%. Compared with PCL-VG group and BLVG
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Fig. 10 NIC-loaded BLVG mediated the activation of PI3K/AKT/eNOS pathway. a Protein expression level of ECs including P-PI3K, PI3K, PAKT, AKT, P-eNOS and eNOS. β-actin as the reference protein of samples. b–d Quantification of the western blot proteins in the ECs. *p < 0.05,
**p < 0.01

groups, the cell viability of NIC-loaded BLVG group was
increased after 12 h, but there were no statistically significant differences. After 48 h, the cell viability of NIC-loaded
BLVG was significantly increased than the other two groups.
The results of EC staining and CCK-8 assay demonstrated
that NIC-loaded BLVG had a great potential in improving
the proliferation ability of ECs.

NIC-loaded BLVG improved the migration capacity
of ECs
The ability of EC migration is critical during the endothelialization of vascular grafts after implantation [52]. The
patients who require bypass surgery often combine with other
chronic diseases. ECs of these patients are usually affected
by oxidative stress, inflammatory response and other factors,
which lead to the reduce of EC functions including migration
capacity, etc. [53]. Therefore, vascular grafts which have the
capability of improving EC migration ability will be more
conducive to rapid endothelialization in vivo and meeting
the clinical needs.
The wound healing assay was used to evaluate the migration ability of ECs cultured on different vascular grafts. As
shown in Fig. 8a, the distance between wounds in each group
was equal at 0 h. After 12 h of culture, the migration ratio
of ECs on NIC-loaded BLVG significantly increased and
reached 47.6 ± 5.9%. After 24 h of culture, the wound in
NIC-loaded BLVG group nearly disappeared with the migration ratio reaching 81.7 ± 1.7%. The migration ratio of ECs
on BLVG group increased slightly compared with PCL-VG
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group, suggesting the great cytocompatibility of the sulfated
SF layer. The statistical graph of the migration ratio is shown
in Fig. 8b. Hence, we speculated that NIC could not only
improve the proliferation ability of ECs, but also facilitate EC
migration. But the biological mechanism behind still needs
future study.

NIC-loaded BLVG increased the antioxidation
capacity of ECs
Many researches indicated that NIC could restore endothelial dysfunction caused by some chronic diseases through
its antioxidative effects [54]. Therefore, a H2 O2 -induced
EC oxidative injury model was used to validate the effects
of NIC-loaded BLVG. As shown in Fig. 9a, cell morphology was evaluated by using phalloidin/DAPI staining after
ECs damaged by H2 O2 . The cell morphology of 0 h after
H2 O2 injury groups appeared significant changes including
cell shrinkage, twisting and clustering, which was the most
common characteristic eluding to damage [55]. However,
after culture on different vascular grafts for 24 h, compared
with PCL-VG group, the cell numbers of NIC-loaded BLVG
group significantly increased, and the cell morphology also
gradually became round shape as a recovering feature. After
48 h of culture, the cell density of NIC-loaded BLVG group
significantly increased than the other two groups (Fig. 9b
and c). Culturing ECs with NIC-loaded BLVG also exhibited
better cellular morphology restoration after 48 h. There were
still many shrunk and twisted ECs in PCL-VG and BLVG
groups, indicating that the ECs damaged by H2 O2 did not
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Fig. 11 Schematic diagram of
the biological functions of
NIC-loaded BLVG

recover even after 2 days. Thus, we speculated that the cell
functions of these ECs including proliferation and migration
capacity were lower than healthy ECs, just like the ECs living in the vascular system of patients with chronic diseases.
This result further illustrated the importance of adding NIC
as a bioactive substance in BLVG. The effect of NIC-loaded
BLVG against cellular oxidative injury was most likely to
be related to NIC scavenging ability of intracellular reactive oxygen species (ROS). Cellular oxidative damage is a
well-established mechanism leading to the cell injury. ROS
binds with most normal cellular components, reacting with
unsaturated bonds of membrane lipid, denaturing proteins
and attacking nucleic acids [56].

NIC-loaded BLVG activates PI3K/AKT/eNOS signaling
pathway of ECs
The PI3K/AKT/eNOS signaling pathway is widely involved
in crucial physiological processes such as cell energy
metabolism, oxidative stress and cell proliferation, which

plays an important role in cell damage caused by various
diseases [57, 58]. NIC, as a KATP channel opener combined
with NO donor activity and antioxidant activity, has been
reported to improve endothelial colony-forming cell (ECFC)
functions through activating AKT/eNOS signaling [59]. In
addition, NIC could also alleviate the apoptosis of cardiomyocytes via PI3K/AKT signaling [60]. Thus, we speculated
that the biological activity of NIC on EC function could be
related to the PI3K/AKT/eNOS pathway.
To determine the possible molecular mechanism, western blot assay was used to analyze the protein expression
of ECs after being cultured on different vascular grafts. As
shown in Fig. 10, the expression levels of PI3K, AKT and
eNOS were not significantly changed after being cultured for
24 h. However, the phosphorylation levels of PI3K, AKT and
eNOS were significantly increased, suggesting the enhancement effects of NIC on the phosphorylation levels, thereby
improving the proliferation, migration function and antioxidant capacity of ECs. Moreover, it was reported that NIC
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could activate PI3K/AKT pathway to improve cell functions
and play a protective role in vivo [60].
The biological functions of NIC have also been reported
by activating MAPK, NF-κb, even JAK/STAT signaling pathways [61, 62]. The summary diagram including the structure
of NIC-loaded BLVG, in vitro cell study part and the possible
molecular mechanism of this study is shown in Fig. 11. But
in-depth study of biological mechanisms still need further
research in vivo. Understanding the biological mechanism
will provide a better foundation of subsequent clinical application and also provide novel ideas for other researchers to
develop advanced vascular graft.

Conclusions
In summary, NIC-loaded BLVG was fabricated by PCL
and sulfated SF using electrospinning technology. The fabrication procedure homogeneously blended the bioactive
components (NIC) in both outer and inner layers of the
vascular graft, endowing NIC-loaded BLVG a biphasic
release behavior. In vitro study showed that NIC-loaded
BLVG significantly increased the proliferative, migration and
antioxidant capacity of ECs, which might help NIC-loaded
BLVG to complete rapid spontaneous endothelialization after
bypass surgery. In addition, we also tried to confirm the biological mechanism behind these functions of NIC-loaded
BLVG. It was found that NIC-loaded BLVG could significantly activate the PI3K/AKT/eNOS pathway in ECs.
Therefore, this study suggested that NIC-loaded BLVG was
a safe and efficacious vascular graft, which provided a new
idea for the clinical translational potential of small-diameter
vascular graft.
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