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Abstract

The high incidence of cardiovascular disease has led to significant demand for synthetic vascular grafts in clinical applica-
tions. Anti-proliferation drugs are usually loaded into devices to achieve desirable anti-thrombosis effects after implantation.
However, the non-selectiveness of these conventional drugs can lead to the failure of blood vessel reconstruction, leading to
potential complications in the long term. To address this issue, an asymmetric membrane was constructed through electro-
spinning techniques. The bilayer membrane loaded and effectively released nitric oxide (NO), as hoped, from only one side.
Due to the short diffusion distance of NO, it exerted negligible effects on the other side of the membrane, thus allowing selec-
tive regulation of different cells on both sides. The released NO boosted the growth of endothelial cells (ECs) over smooth
muscle cells (SMCs)—while on the side where NO was absent, SMCs grew into multilayers. The overall structure resembled
a native blood vessel, with confluent ECs as the inner layer and layers of SMCs to support it. In addition, the membrane
preserved the normal function of ECs, and at the same time did not exacerbate inflammatory responses. By preparing this
material type that regulates cell behavior differentially, we describe a new method for its application in the cardiovascular
field such as for artificial blood vessels.
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Introduction

Cardiovascular disease (CVD) remains the leading cause
of death worldwide [1, 2]. When a part of a blood vessel
loses function due to disease, damage, or aging, a vascu-
lar transplant is required. Because of the strong rejection
of allogeneic organs and few sources for them, artificial
blood vessels have become an alternative. Although they
provide sufficient mechanical strength, polymer-based
synthetic monolayer vascular grafts [3] still have limited
resistance to surface thrombosis [4], which may lead to
restenosis after implantation. The multilayer structure of
healthy blood vessels ensures a perfect combination of
good physical and mechanical properties with anticoagu-
lant properties. The ideal artificial blood vessel should
be designed to imitate these multi-layered characteristics
in order to obtain a structure more in line with normal
vessels.

Vascular restenosis is composed mainly of hyper-prolif-
erative smooth muscle cells (SMCs), inflammatory cells,
and platelets. The current treatment of vascular stenosis is
to inhibit cell proliferation. The representative drugs rapa-
mycin and paclitaxel have no selectivity in exerting inhibi-
tory effects. They block the proliferation of SMCs as well
as endothelial cells (ECs). This process leads to incomplete
endothelialisation, which can further aggravate stenosis [35,
6]. A complete intimal layer composed of ECs is necessary
for maintaining blood vessel health and smooth blood flow.
Therefore, the ideal anti-stenotic drug needs to inhibit the
proliferation of SMCs and the progress of inflammation,
while ensuring the integrity and functions of ECs.

Nitric oxide (NO) provides the possibility of regulating
cells differently. NO is a biological effector that plays an
important role in vasodilation, endothelial function, and
other vascular processes [7]. Previous studies have shown
that NO can strongly inhibit the proliferation of SMCs
[8—12] and resist platelet aggregation [13] and leukocyte
adhesion, while improving endothelial cell function at low
doses [14]. Therefore, NO can be used as a selective anti-
stenosis drug. However, anti-stenotic drugs generally act
solely on the intima of blood vessels. An ideal vascular
transplantation requires that the SMCs in the outer layer
have their growth space, ensuring that the graft has suffi-
cient mechanical strength and good vascular compliance
after transplantation.

Electro-spinning technology is an emerging technique for
constructing biomedical scaffolds. By employing a spinning
polymer solution under high voltage static electricity, it can
control different material components to prepare nanofiber
meshes with controllable structures [15]. It can provide flex-
ible design by adjusting fiber diameter, porosity, texture, and
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pattern formation [16], offering possibilities for the design
of multifunctional structural materials [17]. In many stud-
ies, electro-spinning technology has been applied to the
heart. For example, using multi-channel and coaxial electro-
spinning technology to prepare an outer sheath of the great
saphenous vein can effectively inhibit the formation of new
intima and achieve controlled drug release [18]. By control-
ling different pore sizes [19] or combining cytokines [20],
artificial blood vessels with bilayer electrospun fiber mem-
branes have been reported to selectively control the growth
of different cells. However, achieving an asymmetric growth
of cells on a bilayer vascular graft in a feasible but simple
manner remains a lasting challenge.

In this study, we used S-Nitroso-N-acetyl-DL-penicil-
lamine (SNAP) loaded electropsun fiber membranes to
achieve the asymmetric release of NO. Taking advantage of
the short release distance of NO [21, 22], only the area near
the drug-loaded side of the bilayer membrane has sufficient
NO concentration. First, we verified the differential regula-
tion of the growth of ECs and SMCs by a SNAP-loaded
monolayer membrane. Then we co-cultured ECs and SMCs
on the bilayer membrane. This asymmetric structure made
cell growth more consistent with the natural vascular struc-
ture: the SNAP-incorporated side of the membrane guaran-
tees endothelial growth while inhibiting SMC proliferation
to prevent thrombosis, while the other side without SNAP
makes SMCs grow naturally to form a vascular elastic layer
(Fig. 1). This asymmetric structure that constructs a differ-
ential regulation of cell behaviors provides new ideas for
applications in the cardiovascular field such as in artificial
blood vessels.

Results
Characterization of SNAP-PLLA nanofibers

We mixed a solution of SNAP and poly(L-lactide) (PLLA) to
fabricate the nanofibers. Images taken by a scanning electron
microscope (SEM) indicated the successful preparation of a
uniform and porous nanofiber membrane (Figs. 2a and S1b).
The nanofiber diameters of pure PLLA and PLLA-SNAP
mixtures were 1.710+0.314 um (PLLA) and 450 +£48 nm
(PLLA + SNAP), respectively (Fig. 2b). Sulfur analysis was
measured by energy-dispersive spectrum (EDS). A clear
peak between 2.3 and 2.4 keV was observed, which is typi-
cal of the sulfur element (Fig. S1a). The average pixel areas
of sulfur element analysis showed that the SNAP electrospun
membrane had a significantly higher sulfur content than
the blank membrane (Fig. 2c). The thicknesses of the pure
PLLA and PLLA-SNAP mixtures were 285.5+2.2 um and
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Fig. 1 . Schematic dfes1g_n of (a) PLLA PLLA+SNAP
experiment. a Fabrication of a = _— e

bilayer electrospun membrane
by electro-spinning technol-
ogy; b when HUVECs and
HUVSMCs were co-cultured
on both sides of the bilayer
membrane, cells grew normally
on the PLLA side; while on the
PLLA + SNAP side, the growth
of HUVSMCs was significantly
inhibited. However, HUVECs
still grew normally
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Fig.2 Characterization of electrospun fiber membrane. a SEM images of the electrospun fiber membrane; b average diameters of nanofibers; ¢
average pixel areas of sulfur element analysis from EDS; d NO releasing profile of the SNAP-loaded electrospun fiber membrane
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284.8 +2.8 um, respectively, and there was no significant
difference in thickness between the two films (Fig. S1d).

NO release of SNAP-loaded fiber membranes

A slow and continuous NO release was achieved by incor-
porating SNAP into electrospinning. SNAP was loaded into
the nanofibers 10 wt.% relative to PLLA concentrations.
The average weight of each electrospun membrane pad was
1.23 mg, the average SNAP content per pad was 0.123 mg,
and the average drug concentration of per well was 140 uM.
Each mole of SNAP donor released 1 mol of NO. Figure 2d
shows that the amount of NO released slowly increased to
about 30 uM in about one week. The membrane maintained
a stable release of effective concentration (about 1/5-1/4 of
the content) for at least 40 d or longer.

(a) blank

HUVSMC

(d)

HUVEC

—
e

Co-culture

Fig.3 Effect of the electrospun fiber membrane on the proliferation
of HUVEC and HUVSMC. Immunofluorescent images (a) and sta-
tistical diagrams (b) of differential effects of electrospun membranes
on HUVSMC, c cell viability of HUVSMC on different membranes.
Immunofluorescent images (d) and statistical diagrams (e) of differ-
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Biocompatibility of electrospun fiber membranes

To determine the biocompatibility of electrospun fiber
membranes, we compared the difference in cell growth on
membranes, TCPS, and glass slides (Fig. S2). When cells
were incubated on the surfaces of different materials, after
incubating for 24 h and 48 h, cell growth on the electro-
spun fiber membrane was slightly lower than that on TCPS
but was almost the same as that on glass slides (Fig. S2b).
We then used the cell counting method and CCK-8 kit to
measure the time gradients of cell number (Fig. S2¢) and
cell viability (Fig. S2d), respectively. The cell viability of
HUVECs and HUVSMCs on the electrospun membrane was
slightly inferior to that on TCPS. While the absolute value of
the cell count gradually increased with time, this indicates
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that the electrospun membrane provided an environment for
stable cell proliferation.

Proliferation of ECs and SMCs on electrospun fiber
membranes

HUVECs and HUVSMCs were seeded separately on both
blank and SNAP-loaded electrospun membranes to evaluate
cell viability after 48 h. The figures show that there was no
significant difference in HUVEC proliferation between the
SNAP-loaded and the blank membrane (Fig. 3d-3f). How-
ever, HUVSMCs demonstrated a significant difference in
growth on various membranes (Figs. 3a—3c, S3). Changes
between confocal and SEM pictures were consistent with
the results of cell viability. Obvious morphological changes
of SMCs were observed on the SNAP-loaded membrane
(Fig. 3a). Then, HUVECs and HUVSMCs were co-cultured
on the SNAP-loaded side of the membranes. While the
growth of HUVECs was not affected, significant inhibition
of the proliferation of HUVSMCs was observed (Fig. 3g and
3h). This indicated the selective effect of the SNAP-loaded
electrospun membrane on cells.
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Fig.4 Effects of electrospun fiber membrane on functions of HUVEC
and HUVSMC. a ¢cGMP concentration of HUVSMC on different
electrospun membranes; b NO release from HUVEC on different
electrospun membranes (left: HUVEC on blank membrane, right:

24

EC and SMC functions on electrospun fiber
membranes

Figure 4 shows the functions of cells on electrospun fiber
membranes. First, we detected the relative RNA contents
of VCAM-1, ICAM-1, MCP-1, IL-1, IL-6, and IL-8 in our
experiments, covering most of the pathological processes
of atherosclerosis including leukocyte adhesion, infiltra-
tion, and plaque development. The relative RNA contents
of cells grown on electrospun fiber membranes showed no
significant differences compared to cells in normal condi-
tions (Fig. 4c).

The earliest pathological process of atherosclerosis is
impaired vasodilation mediated by endothelium, and so
diastolic function and EC function were tested. Diastolic
function represented by SMCs was determined by ELISA
assay. It revealed that the amount of cGMP content showed a
significant rise when incubated on SNAP-loaded membranes
(Fig. 4a). EC function was represented by the amount of NO
secreted from ECs. Figure 4b shows that the amount of NO
increased in cells seeded on the SNAP-loaded electrospun
membrane.
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Fig. 5 Effect of bilayer electrospun fiber membrane on co-culture of
HUVEC and HUVSMC. a Schemes of experiment set-ups of the Mil-
lieell chamber: HUVSMCs were seeded into Millieell chambers, the
chambers were placed into cell culture plates, cells and membrane
were separated but NO and medium could pass through both sides

Co-culture of ECs and SMCs on bilayer electrospun
fiber membranes

In order to rule out the influence of SNAP on cells growing
contralaterally, we used Millieell chambers to prevent the
direct contact between cells and membrane (Fig. 5a). Images
observed with an optical microscope showed no significant dif-
ference of SMC proliferation between the two groups (Fig. Sb
and 5c). This shows that when separated from direct contact
between cells and membrane, cell growth is not affected by
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of the membrane. Optical microscope images (b) and statistical dia-
grams (c¢) of HUVSMC on different electrospun membranes. Immu-
nofluorescent images (d) and statistical diagrams (e) of HUVEC and
HUVSMC on different sides of the bilayer electrospun membranes
(red: HUVEC, green: HUVSMC)

SNAP loaded in the electrospun membrane. We then prepared
a bilayer electrospun fiber membrane loaded with 10 wt.%
SNAP on the inner side and only PLLA on the outer side (Fig.
S1c) and then co-cultured two types of cells on both sides.
Confocal pictures showed that on the side loaded with SNAP,
the proliferation of HUVSMCs was significantly suppressed,
while HUVECSs were not affected. On the outer side of the
bilayer membrane, the proliferation of HUVSMCs was not
affected by the secretion of NO from the inner side, and cells
had formed an overlapping cell layer (Fig. 5d and Se).
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Discussion

The main purpose of our experiment was to build a dou-
ble-layer asymmetric structure similar to natural blood
vessels—the inner layer maintains the activity of ECs and
inhibits the proliferation of SMCs; the outer layer provides
sufficient space for SMC growth. This structure can ensure
the integrity of ECs in the inner wall of the blood vessel,
exerting anticoagulation and anti-platelet aggregation to
suppress the occurrence of long-term restenosis [23], while
SMCs grow into an overlapping structure on the outer layer
to build a vascular elastic layer [24], providing compliance
and mechanical strength of the blood vessel and secreting
ECM to enable ECs grow continuously and stably (Fig. 1).
Therefore, we chose as the material in our experiment the
electrospun membrane which can be freely adjusted with
different pore sizes and thicknesses, so that cells could grow
into an overlapping structure on the membrane. NO was cho-
sen as the drug and doped into the inner layer of the bilayer
electrospun membrane because of its selective effect on the
growth of SMCs and ECs. The proliferation of SMCs grown
on the inner layer was selectively inhibited.

In the cardiovascular system, NO is a physiological vaso-
dilator that can convey vascular protection in various ways.
NO is significantly active and degrades in seconds. Nitro-
soglutathione (GSNO) is the pathway of NO release and
transport in the human body. Its SNO group can be decom-
posed into NO and synthesized from NO in seconds [25,
26]. SNAP contains the same SNO group as GSNO and can
release NO spontaneously under physiological conditions
[27]. As a derivative of amino acids, SNAP is widely rec-
ognized for its lack of tolerance [11, 28], which is usually
observed in the long-term use of nitroglycerin [29]. Con-
sidering these advantages, we chose SNAP as NO donors to
fabricate NO-releasing nanofibers. As shown in Figs. 2 and
S1, PLLA nanofibers with and without SNAP doped were
uniform in diameter, demonstrating the strong maneuver-
ability of electro-spinning processes. Compared with fibers
of pure PLLA, the smaller size of PLLA-SNAP fibers is
likely due to the reduced viscosity of the PLLA solution
by the plasticization of SNAP. On the surface of the elec-
trospun membrane, different kinds of cells grow similarly,
and cells can successfully adhere and stably proliferate. The
appearance of a peak corresponding to the sulfur element
in EDS indicates the successful embedment of SNAP in
PLLA nanofibers (Fig. S1a). SNAP-embedded fibers could
continuously release NO for at least 40 d, much longer than
SNAP in solution (Fig. 2d). The controlled-release ability
is highly desirable in many scenarios, including in artificial
blood vessel [30]. Membranes loaded with SNAP still have
the function of NO; that is, they are selective for the prolif-
eration of ECs and SMCs. We have demonstrated it in the

experiments by separately culturing and co-culturing two
kinds of cells (Fig. 3).

The formation of stenosis in blood vessels is a complex
inflammatory process. Impaired endothelial function is the
initial change, manifested by reduced NO released from
ECs. NO is a vasodilator. Under physiological conditions,
NO diffused into SMCs can act on smooth muscle receptor
soluble guanosyl cyclase (sGC), catalyze cyclic guanosine
monophosphate (cGMP) to start the process of vessel relaxa-
tion and inhibit SMC proliferation [31]. Reduced NO release
from ECs facilitated attenuation of NO-sGC-cGMP signal-
ing, causing the failure of the normal relaxation of SMCs.
This might increase the tension of blood vessel and exacer-
bate local stenosis [32]. In our experiment, we detected the
content of NO released by ECs and the content of cGMP in
SMCs to assess the endothelial early damage [33], Fig. 4
shows that a SNAP-loaded membrane can alleviate the
reduced release of NO caused by the injured endothelial and
promote smooth muscle relaxation. The increase in cGMP
in SMCs on SNAP-loaded membranes compensated the NO
loss due to EC incompleteness, maintaining normal func-
tions similar to those of native blood vessels [34].

When ECs were injured, the monocytes moved closer to
the blood vessel wall, and the vascular cell adhesion mol-
ecule 1 (VCAM-1) and intercellular adhesion molecule 1
(ICAM-1) expressed by ECs then fixed monocytes in the
EC lesion location [35]. ECs can produce monocyte che-
moattractant protein 1 (MCP-1) and IL-8 under the action
of oxidizing factors. MCP-1 can promote the migration of
bound monocytes to the arterial wall [36]. As the disease
progresses, EC secreted IL-1p and TNF-a, thereby promot-
ing IL-6 secretion. IL-6 can cause plaque instability and
increase the risk of illness. The formation of atherosclerotic
lesions is a complex process of immune regulation [37]. The
relative RNA content of inflammatory cytokines, such as
VCAM-1, ICAM-1, MCP-1, IL-1, IL-6, and IL-8, clearly
demonstrates that electrospun membranes do not cause an
increase in inflammation and aggravation of disease as a
potential implanted component.

Although NO has a very strong ability to regulate various
physiological processes, NO also has the shortcoming of a
short action distance and easy inactivation after release. Its
effect is usually limited to the production site. However, this
also provides an opportunity to use NO in an asymmetric
structure to selectively manipulate cell behavior. We took
advantage of this shortcoming to prepare a bilayer electro-
spun membrane. In normal incubation and co-culture experi-
ments, as shown in Fig. 5, the side of the bilayer electrospun
membrane had a significant effect on ECs and SMCs. The
bilayer membrane promoted EC growth on the SNAP load
side, while the blank PLLA side maintained SMC growth,
which promoted a structure similar to natural blood vessels.
These effects have also been verified on single-layer films.
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Materials and methods
Preparation of blending nanofibers

The concentrations of all solution components and solu-
tions are given on a wt/wt basis. A 10 wt.% poly(L-lactide)
(PLLA, REVODE 190, HISUN, China) solution was pre-
pared by dissolving PLLA resin in 1,1,1,3,3,3-hexafluoroiso-
propanol (HFIP, 99%, JACS, China) at room temperature,
stirring at 500 r/min for 8 h. The PLLA solution was mixed
with SNAP (10 wt.% relative to PLLA concentrations) in the
same condition (500 r/min for 8 h) for electrospinning. The
electro-spinning conditions were described as following. A
metal disk was used to collect electro-spinning nanofibers.
A plastic syringe with a 12-mm needle containing 2 mL of
solution was placed on a syringe pump at a flow rate of
1 mL/h. The collecting distance between the spinneret and
the receiving device was 15 cm. The membrane was cut into
small pads with diameters of 0.75 cm according to the well
size of the 24-well plate, soaked in 75% alcohol for 30 min,
washed three times with PBS, and dried for use.

Cell culture

HUVECs were cultured in an endothelial cell medium
(ECM) with 5% fetal bovine serum, a 1% endothelial cell
growth supplement, and a 1% penicillin/streptomycin solu-
tion (ScienCell Research Laboratories, Carlsbad, CA, USA).
HUVSMCs were cultured in a smooth muscle cell medium
(SMCM) with 2% fetal bovine serum, 1% endothelial cell
growth supplement, and a 1% penicillin/streptomycin solu-
tion (ScienCell Research Laboratories, Carlsbad, CA, USA).
The cells were purchased from ScienCell Research Labo-
ratories and incubated at 37 °C under 5% CO, atmosphere.
Cells between passages 4—7 were used in this experiment.

Cell number and cell viability

To determine the effect on cell proliferation, cells were
seeded at a density of 5000 per well in 24-well plates and
cultured for different lengths of time. Cell proliferation was
measured by cell number and cell viability. Cell number
was determined by the dissociation of adherent cells with
trypsin and counting with a microscope. Cell viability was
detected with the Cell Counting Kit-8 (CCK-8) (Dojindo,
Tokyo, Japan). Add 20 uL CCK-8 solution with a total vol-
ume of 200 pL of serum-free medium to each well. After
1-3 h of incubation at 37 °C, the absorbances were measured
at 450 nm. Cell viability was determined using the equation
below:

NO release measurement

The SNAP-loaded electrospun fiber membrane pads were
first weighed to calculate the SNAP content. The pads were
put into 24-well plates, serum-free Dulbecco’s modified
eagle medium (DMEM) was added and they were placed in a
37 °C incubator. The DMEM was collected at different time
points. NO release was quantified by the Nitric Oxide Test
Kit (Beyotime, Shanghai, China) according to the manufac-
turer’s instructions.

Millieell chambers were used to test the effect of long-
distance release of NO from SNAP-loaded membranes on
cells. The membranes were placed in 24-well plates. HUVS-
MCs were seeded into the Millieell Chambers (Millipore
Corp., Bedford, MA, USA). The chambers were inserted
into wells. The medium in the wells covered the bottom of
the chambers (Fig. 5a). Direct contact between the cells and
electrospun membranes was prevented in this way. After
48 h, the medium was removed and the bottom of the cham-
ber was gently wiped with a cotton swab. The cells were
fixed with paraformaldehyde and stained with crystal violet
dye. The membrane was cut off at the bottom of the chamber
and observed with an optical microscope.

Image acquisition with a scanning electron
microscope

The cells were first dehydrated. The cells were fixed with
paraformaldehyde and configured to a volume fraction of
20%-100% alcohol with a gradient of 10%. The cells were
treated with a 20% alcohol solution for 5 min, then the solu-
tion was aspirated, and the cells were treated with a 30%
alcohol solution for another 5 min and so on until the last
5 min with the absolute ethanol treatment. The alcohol was
removed and the cells were dried. The cells were observed
by a Nikon scanning electron microscope.

Immunofluorescence staining and image analysis

HUVECs and HUVSMC:s planted on the electrospun fiber
membrane were stained for 2 h by adding rabbit anti-human
von Willebrand factor (anti-vWF) monoclonal antibody
(1:500, Invitrogen, CA, USA) or anti-calponin (1:500,
Invitrogen, CA, USA), respectively, before being detached
from the cultural dishes. The cells were Isolated and seeded
into 24-well plates. After 48 h, the cells were observed by a
Nikon fluorescence microscope. The images were generated
by collecting each image of the Z-stack and by projecting
pixel intensity onto one single image.

Cell viability (%) = Absorbance (treated cells)/Absorbance (control cells) X 100%.
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cGMP analysis

HUVSMCs were incubated for 48 h under different treat-
ments. The cGMP secretion of HUVSMCs was measured
by the cGMP ELISA kit (Enzo Life Sciences, New York,
USA) according to the manufacturer’s instruction. In brief,
standards or samples were added into the plate provided with
the kits. The conjugate and antibody were added into the
appropriate wells. After incubation at room temperature for
2 h, the contents of the wells were emptied and washed 3
times, then pNpp substrate solution was added to every well.
The cells were incubated at room temperature for another
1 h. The stop solution was added and the absorbances at
405 nm were immediately read. A Logit-Log paper was
used to draw the binding percentage of the standard and the
c¢GMP concentration. The line passing through these points
approximated the fitting curve. The cGMP concentration in
the sample could be determined by interpolation.

Relative RNA content measurement by qPCR

Total RNA was isolated by using the TRIzon reagent
(CWBIO, Beijing, China), following the manufacturer’s
instructions. To synthesize cDNA, the PrimeScript RT-
PCR kit (Takara, Dalian, China) was used. All PCR reac-
tions were run with an UltraSYBR Mixture (CWBIO, Bei-
jing, China) and primers. qPCR was performed following
the manufacturer’s instructions. The average threshold
cycle values (Ct) from the PCR reactions were normalized
to GAPDH to achieve the ACt value. The ACt values of
the experimental set were normalized to control and set to
achieve the AACt value. The 2724 value was used as the
reported data for analysis.

Statistical analysis

The experiments were performed in triplicate at a minimum.
Data obtained from the experiments were statistically ana-
lyzed using GraphPad with ANOVA or Student’s ¢ test. The
probability value of p <0.05 was considered significant.

Conclusions

In summary, electrospun fiber membrane shows strong bio-
compatibility with multiple cells. Embedment of NO donor
SNAP slows NO release. By utilizing the short diffusion dis-
tance of NO, simultaneous regulation of ECs and SMCs on
different sides of a membrane was achieved by constructing
an asymmetric structure. The SNAP-loaded side inhibited
proliferation and improved the relaxation of SMCs, while
enhancing the proliferation and normal functions of ECs. On

the other side, SMCs quickly overgrew ECs to form overlap-
ping cell layers, due to a lack of sufficient NO. Therefore,
a Janus structure, similar to those of native blood vessels,
was easily achieved. In addition, the membrane did not
promote undesired inflammation. This strategy may hold
strong promise for other future research into fabricating
blood vessels.
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