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ABSTRACT: The process of reconstructing an arterial graft is a How does a aorta graft become a "live” blood vessel?
complex and dynamic process that is subject to the influence of
various mechanical factors, including tissue regeneration and blood
pressure. The attainment of favorable remodeling outcomes is
contingent upon the biocompatibility and biomechanical properties
of the arterial graft. A promising strategy involves the emulation of
the three-layer structure of the native artery, wherein the inner layer

is composed of polycaprolactone (PCL) fibers aligned with blood ™™ |rmur e onrroims s s s s ocs o
flow, exhibiting excellent biocompatibility that fosters endothelial

cell growth and effectively prevents platelet adhesion. The middle

layer, consisting of PCL and polyurethane (PU), offers mechanical support and stability by forming a contractile smooth muscle ring
and antiexpansion PU network. The outer layer, composed of PCL fibers with an irregular arrangement, promotes the growth of
nerves and pericytes for long-term vascular function. Prioritizing the reconstruction of the inner and outer layers establishes a stable
environment for intermediate smooth muscle growth. Our three-layer arterial graft is designed to provide the blood vessel with
mechanical support and stability through nondegradable PU, while the incorporation of degradable PCL generates potential spaces
for tissue ingrowth, thereby transforming our graft into a living implant.

I the initial stage, M1 macrophages infilrate the inner and outer layers rapidly. With M2 polarization and PCL fiber degradation, the inner layer

rebuilds endothelial cells and the outer layer is covered by connective tissue. The midde layer, made of PU fiber, resists biood pressure and extemal

1. INTRODUCTION simulating the supporting strength of natural vessels.”” An
alternative strategy involves employing decellularized natural
blood vessel grafts, typically sourced from animal or human
tissues. These grafts demonstrate commendable biocompati-
bility and possess the ability to induce tissue regeneration.

There is an increasing demand for arterial grafts for the
treatment of traumatic injury, cardiovascular disease, trans-
plantation, and reconstructive surgery.' Although autologous
grafts have excellent biocompatibility, their source is limited

and may lead to issues of additional trauma of normal body.” Nonetheless, being of organic origin, there exists a potential
In addition, although saphenous veins are commonly used as risk such as disease transmission and immune reactions.®
arterial grafts, they exhibit different functional and physio- Another approach involves the modification of vascular grafts,9
logical characteristics compared to arteries and lack the such as constructing nanotopography on the inner surface of
resilience to endure arterial pressure, resulting in vascular the vessels, incorporating VEGF, or introducing stem cells
rupture and posing a life-threatening risk.”> Artificial aortic derived from perivascular adipose tissue to further enhance the
grafts have the potential to address the limitation of graft remodeling effects of artificial vascular grafts in vivo.'”"!

availability and represent the future direction for clinical The in vivo reconstruction of the arterial graft is a dynamic
applications.” Presently, polytetrafluoroethylene (PTFE) arte- process that involves not only promoting tissue growth but
rial grafts are widely employed in clinical treatments. also, more crucially, strategically orchestrating the sequential

Nevertheless, these grafts lack metabolic or remodeling
capabilities within the body. Functioning solely as conduits
for blood flow, they exhibit limited interaction or integration
with surrounding tissues, having the possibility of aging-related
changes in the long run, which could influence the prognosis.’
Current research has made partial improvements in the
structure or functionality of artificial blood vessels by using
biodegradable synthetic materials such as polycaprolactone
(PCL) and polylactic acid (PLA), but compared to natural
vessels, there are shortcomings in directing cell growth or

growth of different tissues. It requires restraining the rapid
growth of specific tissues while providing the essential
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environment and support for the slower-growing ones.'” Due
to the exposure to the dynamic environment created by blood
pressure, arterial grafts not only need to exhibit excellent
biocompatibility but also require mechanical strength that
mimics the natural vasculature to support blood pressure
stability.'> The structure of natural arterial vessels consists of
the inner, middle, and outer layers. The outer layer’s pericytes
maintain and repair vascular integrity. Nerves control smooth
muscle contraction in the middle layer, regulating vascular
tone."* Collaborating with the antidilatation elastic membrane,
the outer layer stabilizes blood pressure, sustaining inner layer
endothelial cell to preserve permeability, prevent thrombosis,
and promote long-term blood vessel patency.'” Therefore,
improving the biocompatibility alone may not fully meet the
criteria for in vivo remodeling.

Therefore, this study aimed to mimic the inner, middle, and
outer three-layer structures of the native artery to fulfill the
dynamic requirements of biocompatibility and biomechanical
properties in the reconstruction process. In this study, a
biomimetic three-layer nanofiber vascular graft was developed
by electrospinning. The inner layer of PCL fiber followed the
direction of blood flow, had adequate biocompatibility,
promoted endothelial cell growth,'® and effectively prevented
platelet adhesion, erythrocyte aggregation, and thrombosis.
The middle layer of the PCL/polyurethane (PU)-interlaced
arrangement provided mechanical support and finally formed a
contractile smooth muscle ring and antiexpansion PU network
to maintain long-term resistance stability. Additionally, the
outer layer of irregularly arranged PCL fibers was conducive to
the growth of nerves and blood vessels to protect the long-term
function of blood vessels. At the same time, the priority
reconstruction of the inner and outer layers also contributed to
a stable biological microenvironment for the growth of the
middle layer smooth muscle, and the interlaced arrangement
increased its porosity during middle layer reconstruction,
providing a scaffold template for the growth of smooth muscle
cells. Dynamic reconfiguration of the vascular graft in vivo
allowed the formation of a “living” vessel with the three-layer
structure and function of the native artery.

2. METHODS

2.1. Material Preparation and Morphological Char-
acterization. 2.1.1. Production of Electrospinning Artificial
Blood Vessel. We used a preprepared PCL mixed solution,
which was thoroughly mixed for an additional 30 min before
use to ensure complete dissolution of PCL. The solution was
collected using a 2 mL syringe and fed into the electrospinning
system. The collection system featured a 10 cm metal roller
with a 2 mm diameter, and the spinning nozzle was positioned
approximately 15 cm above the collection roller. An electric
voltage of 10 kV was maintained with the roller parallel to the
ground and the spinning nozzle perpendicular to the ground.
The motor speed was adjusted to 1200 rpm, and spinning was
conducted at a temperature of 25 °C and a relative humidity of
50%. After 2 h, the material was collected to obtain the
innermost layer of the artificial blood vessel.

The PCL/PU mixed solution was collected in a 2 mL
syringe, replacing the syringe previously used for the PCL
mixed solution. It was placed within the electrospinning
system, and a microinfusion pump was set to advance at a rate
of 1 mL/h. The motor speed was adjusted to 2000 rpm, and
after 5 h, the material was collected, resulting in the formation
of a double-layered artificial blood vessel.
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Continuing with the PCL mixed solution, it was placed in
the electrospinning system with the motor speed set at 2000
rpm. After 3 h, the material was collected. Subsequently, it was
placed in a vacuum drying oven for 24 h to allow complete
solvent evaporation. The material was stored at room
temperature for future use.

2.1.2. Cross-Sectional SEM Observation. The artificial
blood vessel was subjected to a cryogenic treatment by
immersion in liquid nitrogen for 1 min. Subsequently, a pair of
forceps was employed to securely hold the artificial blood
vessel, which was then pressed to the bottom of a beaker and
precisely sectioned using a scalpel. Each resulting cross-
sectional segment measured approximately 0.5 cm in length.
To ensure structural integrity, sections were handled with care
and were not touched by hand. Following this, the artificial
blood vessel underwent a gold coating before being subjected
to microscopic analysis via a scanning electron microscope.
Multiple observations were made, images were captured, and
data were recorded. This entire process was performed in five
replicates for each sample.

For the natural blood vessels, Sprague—Dawley (SD) rats
were anesthetized and euthanized using an overdose of
intraperitoneal sodium pentobarbital injection. The abdominal
aorta was then isolated, thoroughly washed with phosphate-
buffered saline (PBS) three times, and fixed in a 4%
glutaraldehyde fixative solution. The specimens were refriger-
ated at 4 °C overnight. To prepare cross-sectional samples, the
natural blood vessels were subjected to cryogenic treatment by
immersing them in liquid nitrogen for 1 min. Subsequently,
two tweezers were utilized to break the natural blood vessel to
a length of 0.5 cm, while ensuring that the cross-sectional
integrity was maintained. The samples were then sequentially
immersed in 30%, 50%, 70%, 80%, and 90% ethanol solutions
for dehydration, followed by two rounds of dehydration in
absolute ethanol for 15 min each. Subsequently, the samples
were immersed in osmium tetroxide, left to soak for 2 h, and
then gold-coated. Cross-sectional observations were conducted
via scanning electron microscopy, and multiple images were
taken and recorded. Each step in this process was repeated five
times for each sample.

2.2. Blood Compatibility Test. 2.2.1. Erythrocyte Ag-
gregation. The artificial blood vessels were cut into 1 cm in
length for prepared. The blood of the middle auricular artery of
New Zealand white rabbits was taken for 30 mL and stored in
six heparin anticoagulant tubes (S mL/every tube, n = §).
Taken an above tube and put into an artificial vessel is the
experiment group, and the tube with 1 mL of normal saline
added is the control group, which was repeated 3 times in each
group. The samples were flipped gently, so that the blood was
in complete contact with the artificial vessel. After 30 min, a
small amount of blood was absorbed and made into a blood
smear. The aggregation of red blood cells was observed under a
microscope and photographed, to evaluate the effect of
vascular samples on erythrocyte aggregation.

2.2.2. Platelet Adhesion Detection. The sterilized artificial
vascular diaphragm was cut into a 1 X 1 cm” square patch (n =
5) and placed at the bottom of the cell culture dish and soaked
in PBS to make its surface moist. Fresh blood from the middle
auricular artery of New Zealand rabbits was collected for 10
mL (heparin, anticoagulant), centrifuged for 10 min (2700
rpm), and then the platelet-rich plasma (PRP) was collected in
a clean silicified test tube. The artificial vascular slices from
PBS were taken out, put into fresh PRP, and incubated at 37
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Figure 1. Construction and mechanical characterization of the biomimetic blood vessel. A. Optical image of the artificial blood vessel. B, C.
Scanning electron microscopy (SEM) image of the three-layer structure of the cross-sectional artificial blood vessel. D. SEM image depicts the inner
layer. E. SEM image displaying the fiber structure of the middle layer. F. SEM image of the outer layer. G. Radial tensile stress—strain curve and
elastic modulus of the aorta graft. H, I. Fatigue cycle curve showing the radial attenuation of the artificial blood vessel. J. Radial elongation at break.
K. Stress—strain curve of the zigzag suture strength. L. Relationship between blasting strength and blood pressure.

°C for 4 h. Taken out the sample, washed 1 min with PBS,
fixed with 4% glutaraldehyde overnight, then soaked in 30%,
50%, 70%, 80%, and 90% ethanol, respectively, and dehydrated
twice in anhydrous ethanol for 15 min each time. Then, put it
in an osmic acid dish, immerse it, and place in the ventilation
cabinet for 2 h. After osmic acid volatilizing completely,
spraying was performed, and then the artificial vascular
diaphragm was observed under SEM, to evaluate the effect
of vascular samples on platelet adhesion.

2.3. Mechanical Characterization. 2.3.1. Antifatigue
Test. The artificial blood vessel was observed via scanning
electron microscopy to obtain cross-sectional images, and the
thickness of the vessel was measured from eight different
positions using Image]J software. The average thickness (d) was
then calculated. The vessel was cut into a sheet, and the width
(w) was measured by using a vernier caliper. The universal
instrument was used to fix the head and measure the distance.
The vessel was subjected to a cyclic deformation of 20% with
100 cycles at a pulling speed of 1 cm/min. Measure axial and
radial cycle data separately with five measurements each.
Record stretched length AL and tensile force value F were
recorded for each measurement. Use the formula to obtain
preliminary results and analyze them using Origin 9.
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o= F/S = F/(d-w)

€= AL/LO _ (Lx - LO)/LO

*%100%

(LB_LO)/

Elongation at Break= Low100%

Here, o: Stress; F: Tensile Force; S: Area; d: Length; w:
Width; e: Strain; L,: Elongation; L: Length of Artificial Blood
Vessel; Ly: Elongation at Break.

2.3.2. Burst Pressure Test. We developed a specialized
instrument for measuring the burst pressure in artificial blood
vessels. The instrument used a three-way interface connecting
an electronic barometer, a gas cylinder, and an artificial blood
vessel for uniform pressure distribution. The vessel was
positioned lower to prevent water backflow and instrument
damage. A dropper bottle was connected to one end of the
vessel and the three-way device to the other. To measure burst
pressure, the vessel was filled with double distilled water, and
the gas cylinder was gradually introduced to increase the
barometer reading until rupture occurs. The barometer reading
at rupture was recorded.

https://doi.org/10.1021/acsomega.3c06628
ACS Omega 2024, 9, 7609—-7620
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2.3.3. Suture Strength Test. Cut the artificial blood vessel to
a 1 cm length, mark a point 1 mm from the edge using a
vernier caliper, and pass an 8—0 microsurgical suture through
the mark to form a loop. Fix one end of the vessel to the lower
end of a universal instrument using the instrument’s chuck, and
fix the other end to the upper chuck using the suture. Measure
the stretched length and tensile force value while recording the
data.

2.3.4. Porosity Test. We immersed the samples separately in
type I and type III collagenases for 6 h each to ensure complete
dissolution of the extracellular matrix. Following this enzymatic
treatment, we carried out a two-step dehydration process in a
gradient of ethanol, each step lasting 15 min, followed by
dehydration in absolute ethanol. The samples were then placed
in dishes containing osmium tetroxide and left in a fume hood
for 2 h to allow for the complete volatilization of osmium
tetroxide. Subsequent to this, a gold coating was applied, and
scanning electron microscopy was employed to visualize the
surface microstructure of the material. Utilizing Image]
software, we analyzed the images, determined the scale,
defined the spinning range, calculated pore size and quantity,
and generated corresponding result figures to illustrate the
material’s degradation.

2.4. Surgery Process In Vivo, Time Point of Material
Sampling, and General Observation. Thirty 8-week-old
male SD rats (200—230 g) were obtained from the Animal
Experiment Center of the Air Force Military Medical
University. All animal experiments comply with the National
Institutes of Health guide for the care and use of Laboratory
animals. Rats were anesthetized with an intraperitoneal
pentobarbital injection. After anesthesia and disinfection, a
midline incision exposed the abdominal aorta and vena cava.
The aorta was separated, clamped, and flushed with sodium
heparin. The artificial blood vessel (6—8 mm) was sutured to
the aorta using 8—0 microsurgery, with 10—12 stitches per
anastomosis. Blood flow was restored by releasing the distal
clip. Additional sutures were added for excessive bleeding. The
proximal clip was released, observing the implanted vessel’s
pulsation. The abdominal cavity was flushed with saline and
closed. No anticoagulants or antibiotics were administered.
Samples were collected at 1, 3, and 6 months postsurgery. Rats
were euthanized at 30, 90, and 180 days using intraperitoneal
sodium pentobarbital injection. Implants and surrounding
tissues were removed, washed with PBS, and photographed
with a stereomicroscope.

2.5. Color Doppler Ultrasound and Abdominal Aortic
Angiography. Rats underwent Doppler ultrasound at 30, 90,
and 180 days postoperation. Prior to the examination, rats
were fasted for 6 h, deprived of water for 2 h, and anesthetized
with intraperitoneal pentobarbital sodium. Sodium pentobar-
bital was injected into the abdominal cavity of rats. Gray-scale
imaging in transverse and longitudinal sections assessed the
abdominal aorta structure. Color Doppler flow imaging
technology examined blood flow filling, velocity, and flow
conditions. At 180 days postsurgery, Micro-CT abdominal
aortogram assessed the patency of artificial blood vessels. Rats
were anesthetized with pentobarbital sodium, and organ
flushing used heparin sodium saline. MICROFIL contrast
agent enabled blood vessel visualization, with Micro-CT scans
performed from the xiphoid process to the symphysis pubis
level. Reconstructed cross-sectional images provided angio-
graphic visualization, with high-density shadow areas, indicat-
ing successful perfusion.
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3. RESULTS

3.1. Construction of a Three-Layer Bionic Structure.
An artificial arterial graft mimicking the three-layer structure of
the native aorta was designed through layer electrospinning,
which is anticipated to enhance the reconstructive effect from a
bionics perspective (Figure 1A—C). The inner layer of the
artificial blood vessel was made of PCL, an FDA-approved
biomaterial known for its biocompatibility and ease of
modification, to enhance its biological activity, making it a
suitable material for clinical applications. The scanning
electron microscopy (SEM) examination reveals a compact
arrangement of the inner fiber structure, aligned parallel to the
longitudinal axis of the blood vessel, exhibiting a uniform pore
distribution (Figure 1D). Aligning the fibers in the direction of
blood flow improved the biocompatibility of the artificial blood
vessel, minimized the risk of embolism, and promoted the
orderly and directional growth of endothelial cells.

The fiber structure of the middle layer was observed using
SEM. It consisted of PCL and PU, which provided mechanical
strength for the vessel wall. PCL is a biocompatible material
with proven clinical applications, characterized by its
degradability and safety.'”'® As PCL was progressively
degraded, it acted as a scaffold for uniform and organized
growth of smooth muscle cells, aiding in maintaining the
circular shape of the vessel wall and preventing alterations in
the shape during contraction. Meanwhile, the PU component
formed an annular mesh structure mimicking the native aorta’s
elastic membrane, regulating blood pressure by preventing
excessive expansion (Figure 1E). The PU network structure
provided a simple and effective strategy for integrating the
elastic membrane with the surrounding tissue, despite the
challenges of replicating the complex extracellular matrix
(ECM) of the elastic membrane.

The outer layer exhibits a disorganized morphology, as
observed through scanning electron microscopy (Figure 1F),
accelerating the adhesion and proliferation of fibroblasts,
vascular pericytes, and nerve cells, which is essential for the
development of “living” blood vessels mediated by the body’s
physiological functions. The artificial blood vessel consisted of
an inner layer with a thin endothelial layer, a middle layer with
a smooth muscle layer, and an outer layer with a loose
connective tissue layer. The thickness of the inner layer was
1.45 + 0.60 ¢ m, that of the middle layer was 66.69 + 4.0 ym,
and finally, that of the outer layer was 115.28 + 24.51 ym. The
inner and outer layers prioritized contact with the surrounding
tissue for biological remodeling,19 providing a stable growth
environment for the slow-growing smooth muscle cells in the
middle layer (Figure 1G). SEM images illustrated that the
dense and uniform inner fibers, interlaced middle layer, and
outer layer collectively promoted cell growth. We obtained
stress—strain curves in both the longitudinal and radial
directions of the artificial blood vessel, subjected to 20%
elongation for 100 cycles (Figures 1H, S1B). A comparison of
the two curves reveals that the radial stress—strain curve
exhibited a relatively smaller change, with a decay of
approximately 7%, while the longitudinal curve experienced a
more substantial variation, with a decay of about 13% (Figure
1), and its elongation at break could extend to 564 + 28.00%
(Figure 1J). At the same time, the zigzag suture strength
displayed a maximum strength of 101.42 + 18.55 MPa (Figure
1K), and the artificial blood vessel could withstand a pressure

https://doi.org/10.1021/acsomega.3c06628
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Figure 2. Effect of the inner layer on endothelial cells in vitro. A: A1,A2. Confocal microscopy image showing spindle-shaped endothelial cells in
the artificial blood vessel with a spinning arrangement of the cytoskeleton. A3,A4. In contrast, the control group exhibits an irregular arrangement.
B: B1,B2. SEM images showing elongated endothelial cells with lamellar pseudopods in the artificial blood vessel aligned along the spinning
arrangement. B3,B4. In contrast, endothelial cells in the control group exhibited a paving stone-like appearance with radial filopodia. C. Cell
distribution angle statistics and D. CCK8 assay detecting the cell proliferative ability of SVARECs. E. Blood smear observation and statistics of the
red blood cell aggregation ratio. F. Electron microscopy scanning of platelet adhesion.

of at least 900 mmHg without leakage (Figure 1L), indicating
potential clinical applications.

3.2. Biocompatibility Test of the Inner Layer. In
addition to successfully constructing the three-layer biomi-
metic structure, we conducted an in vivo and in vitro study to
evaluate its remodeling. In our research, we used the
electrospinning technology of the three layers to mimic the
ECM, aligning it with the distribution of collagen fibers in
blood vessels. This microstructure enhanced biocompatibility
and provided structural support for the graft, making full use of
the advantages of PCL. Vascular endothelial cells are the
primary cell type constituting the inner layer of the native
aorta.” After 7 days of culture, the inner layer of the aorta graft
with a nanosequential structure promoted the adhesion and
proliferation of vascular endothelial cells SV40-transformed
aortic rat endothelial cells (SVARECs), comparable to that of
the control group (Petri dish surface), as demonstrated by Cell
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Counting Kit-8 (CCK-8) assay results (Figure 2D). More
importantly, immunofluorescence results revealed that SVAR-
ECs on the inner surface of the artificial blood vessel were
polarized in the direction of blood flow (Figure 2A). The cell
distribution angle analysis showed a significant improvement in
cell orientation on the aligned inner layer of the vascular graft
(118.3°) compared to that of the control group (139.4°)
(Figure 2C). Besides, SEM imaging displayed that cells in the
experimental group were densely arranged with increased
pseudopodia and intercellular connections (Figure 2B),
forming an orderly aggregation of cells that provided favorable
conditions for the formation of physiological structural
endothelium. Furthermore, fresh blood incubation for 30
min with the artificial vascular slices showed no erythrocyte
aggregation caused by the inner layer material (Figure 2E).
Platelet adhesion and aggregation are critical in thrombosis.
The surface platelet adhesion was observed via scanning

https://doi.org/10.1021/acsomega.3c06628
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Figure 3. Reconstruction of the inner layer. A. Implanting artificial blood vessels into abdominal aorta defect in rats. B—D. Appearance and cross-
sectional appearance and changes in the diameter of the implanted artificial blood vessel in rats at 1, 3, and 6 months following surgery. E,F.
Observation and SEM imagery of implanted artificial and natural blood vessel endothelium at suture interface at 1, 3, and 6 months postsurgery.
G,H. Percentage of endothelial cell coverage and endothelial cell count of the implanted artificial blood vessel before and 1, 3, and 6 months after
surgical intervention. I. Immunofluorescence staining of the implanted artificial blood vessel endothelial cells with CD31 (endothelial cell marker,

green) and DAPI (blue) at 1, 3, and 6 months after surgery.

electron microscopy. After multiple searches, platelet adhesion
was found in only one of the samples (Figure 2F). The
adhered platelets were located at the intersections of multiple
fibers and were not in an activated state, appearing spherical
with only a minimal extension of pseudopodia. This indicates
that this type of artificial blood vessel possesses a certain
degree of antiplatelet adhesion effect. These reflected the
promising anticoagulation prospect of the inner layer material.

The in vivo remodeling of the bionic vascular graft was
observed to integrate well with the surrounding tissues (Figure
3A). Specifically, the graft was implanted into the rat
abdominal aorta and retrieved after 30, 90, and 180 days
postoperation for further analysis (Figure 3B,C). Adjacent
natural endothelium was integrated with the graft without an
excessive tissue response (Figure 3E). SEM visualization
showed that the 30-day group achieved complete endotheli-
alization of the inner surface of the artificial blood vessel, with
lower levels of ECM secretion than the other two groups.
Endothelial cells in the 30-day group maintained a native aorta-
like orientation despite shrinkage due to dehydration. In the
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90-day and 180-day groups, the ECM was significantly
increased compared to the 30-day group, and endothelial
cells, ECM, and artificial vascular materials were densely
packed (Figure 3F). The PCL fibers were degraded, and the
reconstruction of the inner and outer layers resulted in a
marginally increased inner diameter (1530 + 134.41 um to
1821 + 128.58 yum), validating that the formation of a single-
layer vascular endothelium did not affect lumen patency. On
the other hand, the outer diameter was significantly increased
(2231 + 207.83 um to 2763 + 193.31 um), signifying that the
loose outer fibers facilitated the remodeling of the middle and
outer layers (Figure 3D). Immunohistochemistry analysis
uncovered a physiological structure of the remodeled
endothelium similar to the native vascular endothelial
monolayer. A truncated endothelial structure was observed at
30 days, whereas a complete physiological endothelium was
visualized at 180 days (Figure 3I). Endothelial cell coverage
(Figure 3G) and counts (Figure 3H) indicate that endothelial
cells form complete coverage in the inner layer, effectively
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Figure 4. Reconstruction of the middle layer. A. The radial stress—strain curves at the break of the aorta graft and native aorta were compared
before and 6 months after surgery. B,C. The radial stress—strain modulus and elongation of the aorta graft and native aorta were investigated 6
months after surgery. D. SEM and surface morphology analysis of the middle layer of artificial blood vessels were conducted pre- and postsurgery.
E. The effect of middle layer reconstruction. F. Immunofluorescence staining of @-SMA (smooth muscle cell marker, red) and DAPI (blue) was
used to detect smooth muscle cells in artificial blood vessels at 1, 3, and 6 months postsurgery.

reducing platelet adhesion and playing a crucial role in
maintaining efficient blood flow.

3.3. Biomechanical Properties Detection of the
Middle Layer. Stable mechanical conditions are vital for the
regeneration and reconstruction of the body,”" such as strong
internal fixation for fracture healing or tension-reducing sutures
for minimizing scarring in soft tissue sutures.”” Blood vessels
are exposed to mechanical forces, including blood pressure,
which impacts both microscopic components like endothelial
cells and macroscopic conditions such as aneurysms and
thrombosis.”> Previous vascular graft research has not
comprehensively addressed the role of the mechanical
environment. In our study, electrospinning technology was
used to construct a middle layer structure comprising PCL and
PU blends, which supported the vascular graft and met the
dynamic biomechanical demands during the reconstruction
process.
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Initial vascular graft stability plays a decisive role in
successful implantation.”* Our study showed that the graft’s
biomechanical properties were comparable to those of the
native aorta, ensuring adequate radial mechanical strength for
vascular tissue growth and clinical procedures (Figure 4A).
Moreover, the PU/PCL material used in the vascular graft
maintained its mechanical strength during degradation, unlike
that of other biomaterials. Over time, the graft tissue became
more similar to natural blood vessels (Figure 4B,C). At the
same time, the porosity of the PCL material increased during
degradation (Figure 4D), promoting smooth muscle cell
growth, while the annular structure provided a basis for the
directional growth and remodeling of smooth muscle. The
immunofluorescence results after 1, 3, and 6 months of in vivo
implantation (Figure 4F) portrayed that a-SMA-labeled
smooth muscle cells initially appeared at 30 days but did not
form a complete annular arrangement. However, the number
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Figure S. Alteration in the outer layer. A. Artificial blood vessel glial cell immunofluorescence, GFAP (glial cell marker, red), and DAPI (blue) at 1,
3, and 6 months after surgery. B. Color Doppler ultrasound of artificial blood vessels at 1, 3, and 6 months after operation; the blood circulation is
unobstructed. C. Image ] was employed to count the number of nerve cells. D. Blood flow velocity statistics.

of cells increased over time, and a uniform and directionally
arranged annular structure was formed after 180 days, thereby
facilitating synchronous and coordinated contraction of blood
vessels.

Maintaining vascular compliance is paramount for normal
vascular function.””* The elastic membrane in natural blood
vessels plays an instrumental role in preventing excessive
expansion under high blood pressure conditions.”’ However,
the tissue regeneration capacity of pure fibrous tissue is limited,
and a complete ring structure is necessitated for proper
functioning.”® Our study found that the PU mesh, together
with the smooth muscle ring, acted as an elastic membrane to
maintain vascular mechanical stability following PCL degrada-
tion. At 180 days postimplantation, only PU existed in the
middle layer, and smooth muscle tissue had formed on both
the inner and outer sides. Muscle cells were observed
infiltrating the material’'s pores, and it was also noted that
the formation of nourishing blood vessels often occurred
around the newly generated vessels (Figure 4E), indicating the
effectiveness of this design strategy in achieving long-term
stability.

3.4. Detection of Outer Nerve Function and Long-
Term Patency Rate. Blood vessels are not only channels for
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blood flow but also “living” tissues that can be regulated by the
body.” Innervation of the outer layer of blood vessels is
central to their proper function and long-term regulation
through regeneration and remodeling.’”*' In our study, the
PCL component of the outer layer was constructed using
electrospinning, resulting in an irregular fiber direction that
may contribute to the adhesion and growth of fibroblasts and
nerve cells, potentially boosting the regeneration and
remodeling of blood vessels in vivo.

Peripheral nerve and vascular regeneration are complicated
process that involves the formation of new blood vessels and
nerve fibers.””*? Our study showed the emergence of
nourishing vessels and nerve fibers surrounding the blood
vessels during the reconstruction process, which formed a
functional complex extending into the smooth muscle of the
middle layer (Figure SA). A significant enhancement was
observed in vascular contractile function after reconstruction,
signifying the physiological function of the nerve fiber and the
integration of the vascular graft into the “living” tissue of the
body.

Supported by the robust three-layer structure, the long-term
patency rate of the biomimetic blood vessel after reconstruc-
tion was analyzed by color Doppler ultrasound and CT
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“M1 macrophages initially infiltrate the inner and outer layers. M2 polarization and PCL fiber degradation facilitate endothelial cell regeneration in
the inner layer and connective tissue coverage in the outer layer. The middle layer, supported by PU fibers, withstands blood pressure and
maintains mechanical properties. This promotes smooth muscle growth, resulting in a “live” blood vessel with single-layer endothelial cells
interiorly and loose connective tissue exteriorly. Smooth muscle interwoven with PU fibers mimics natural tissue structure and supports

physiological regulation.

contrast reconstruction (Figure SB). At 180 days postsurgery,
the rats (n = 3) growth rate showed good patency (Figure SD)
with no signs of lesions, stenosis, or obstruction. Additionally,
the blood flow rate remained stable at around 40 cm/s,
achieving practical needs of clinical applications.

4. DISCUSSION

The native aorta possesses a three-layer structure that is crucial
for its normal function."** The inner layer consists of tightly
packed monolayer endothelial cells, reducing the likelihood of
thrombosis and promoting smooth blood flow.*® On the other
hand, the middle layer is composed of annularly arranged
smooth muscle cells and elastic membranes, the former
achieves vasoconstriction and the latter tolerates blood
pressure to prevent excessive expansion of the diameter,
which is an important factor for long-term patency of blood
vessels.”® Finally, the outer layer contains blood vessels and
nerves, which nourish and regulate blood vessel functions
(Scheme 1).

Previous studies attempted to enhance biocompatibility, as
well as minimize the risk of embolism and anticoagulant
properties to maintain blood vessel patency, which is key for
vascular function.’”*® However, passive reduction of platelet
adhesion and activation via modified heparin or other
anticoagulant drugs has limited long-term efficacy.” Recent
research has emphasized the critical role of vascular endothelial
cells in maintaining blood flow through physical barriers,
metabolic functions, and secretion of regulatory factors such as
NO. While loading vascular endothelial growth factors or using
an acellular matrix can swiftly form endothelium, safety
concerns and limitations still exist in transforming growth
into a physiological structure. According to current studies,
constructing nanostructures along the inner surface of vascular
grafts can impact anticoagulation by controlling the directional
growth of cells and hemodynamics."”*' In our developed
three-layer biomimetic vascular graft, the inner layer featured a
sequential microstructure along the blood flow direction,
promoting the directional growth of endothelial cells and
transformation into the vascular endothelium according to the
physiological structure in vivo, ensuring blood flow patency.

Furthermore, prior research has examined the influence of
mechanical factors, such as blood pressure, on the constituents
of the native aorta and related illnesses.”” Aberrant blood
pressure can impair the functions of endothelial cells in the
intima, resulting in thrombosis.** Additionally, abnormal blood
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pressure can also cause smooth muscle cell proliferation,
hypertrophy, and remodeling in the middle layer, as well as
atypical proliferation and activity of fibrous cells, leading to
excessive deposition of type I collagen, lower vascular
compliance, and increased peripheral resistance.** Notably,
uncontrolled blood pressure can lead to fibroblast migration,
thereby causing irreversible damage to the vascular wall
structure and function. It can also result in changes in the
proportion and function of pericytes, leading to vascular
regulation disorders. However, there is a paucity of studies
investigating the impact of hemodynamics on aortic grafts.*”
Herein, a three-layer biomimetic vascular graft with a ring-
shaped structure in the middle layer was developed to promote
smooth muscle cell growth while mechanical properties were
adjusted during reconstruction. This approach ensured
vascular compliance similar to the native aorta, reducing the
incidence of mechanical-stress-related adverse effects such as
blood pressure on reconstruction and preventing complica-
tions to ensure blood flow patency.

Recent research has demonstrated that nerves surrounding
blood vessels have a crucial impact on vascular development
and repair.**"’ Nerves and blood vessels simultaneously
expand during vascular development, and secreted factors
enable mutual re%ulation between nerve and vascular
progenitor cells.”*™>" Effective integration of nerve fibers and
smooth muscle cells is a prerequisite for proper vascular
regeneration during repair. In cases of adverse stress or
infection, fibrosis, and scar formation may occur, which lack
neuro-regulation and contractile function, gotentially leading
to embolism, aneurysms, and other lesions.”" In the proposed
three-layer biomimetic vascular graft, the outer layer of the
graft mimics nerve fibers and penetrates the smooth muscle
layer to mediate vascular function, enabling functional vascular
repair.

We speculate that the impact of the proposed three-layer
biomimetic vascular graft on tissue growth and remodelin&
sequence is closely related to its long-term patency rate.”>>"
The inner and outer layers are composed of degradable PCL,
while the middle layer is composed of degradable PCL and
nondegradable PU. As PCL degrades, the pores gradually
increase, providing space for the infiltration of endothelial cells
of the inner layer, forming a smooth and biologically active
lining during this process.””>> The degradation of the PCL of
the outer layer leads to the formation of more pores, providing
channels for pericytes and nerves. This structure facilitates the
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gradual integration of surrounding cells and tissues, allowing
the artificial blood vessel to seamlessly connect with the
surrounding environment, while the middle layer is composed
of degradable PCL and nondegradable PU. As PCL degrades,
the pores gradually increase, providing a growth channel for
the smooth muscle cells in the middle layer, forming a resilient
middle layer.*®

Thus, by considering the dynamic requirements of
biocompatibility and biomechanics during the tissue remodel-
ing process in the body and influencing the order of tissue
remodeling, generating “living” blood vessels that mimic the
tissue structure and physiological regulation function of the
native aorta is achievable.

5. CONCLUSIONS

In this study, a three-layer arterial graft was developed,
providing the blood vessel with sufficient mechanical support
and stability through nondegradable PU, as well as potential
gaps for tissue ingrowth with degradable PCL, making our graft
a living transplant.
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