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FEATURES OF POLYURETHANE AND XENOPERICARDIAL 
PATCH REMODELING USING A LARGE ANIMAL MODEL 
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Objective: to compare the remodeling features of polyurethane (PU) and bovine pericardium (BP) patches that 
have been implanted in a sheep carotid artery for 6 months. Materials and methods. Synthetic matrices were 
fabricated from a 12% PU solution in chloroform by electrospinning on a Nanon-01A machine (MECC, Japan). 
Biological matrices made from commercially produced PU (Kem-Periplas Neo, CJSC Neocor, Russia) were used 
for comparison. The matrices were implanted as vascular patches into sheep carotid arteries (n = 3). Implantation 
period was 6 months. Via ultrasound scan, the patency of arteries bearing the implanted vascular prostheses was 
evaluated. After removal, the matrix samples were studied by histological examination, scanning electron micro-
scopy and confocal microscopy. Prior to this, they had been stained with specifi c fl uorescently labeled antibodies. 
The GraphPad Prism 8 application was used to process statistical data. Results. The sheep carotid artery wall 
was completely patent, with no aneurysmal dilatations, signifi cant stenoses, and hematomas six months after the 
PU and BP matrices were implanted. The PU matrix was distinguished by a less pronounced connective-tissue 
capsule and no neointima hyperplasia; the thickness of the remodeled PU wall was 731.2 (711.5; 751.3) μm. At 
the same time, there was BP neointimal hyperplasia with a thickness of 627 (538; 817) μm and a remodeled wall 
thickness of 1723 (1693; 1772) μm. In comparison to BP, the PU matrix exhibited greater endothelialization and 
structural integrity. Conclusion. An in vivo study on sheep demonstrated the potential of PU matrix, a novel and 
eff ective material for vascular reconstruction, to maintain harmonious remodeling, bioinertness and structural 
integrity when in contact with blood. Due to its excellent elastic qualities and durability, PU is interesting both as 
a monocomponent and as a component of a composite material that can be used to create products for the needs 
of cardiovascular surgery.
Keywords: polyurethane, arterial patch, vascular prosthesis, xenopericardium, electrospinning, carotid 
artery.
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INTRODUCTION
Cardiovascular diseases are the leading cause of death 

globally, and they also cause signifi cant disability [1]. 
Atherosclerosis is a common disease that can aff ect the 
carotid arteries, leading to carotid artery stenosis of dif-
ferent degrees [2–5]. Angioplasty is the gold standard 
surgical treatment for hemodynamically signifi cant caro-
tid artery stenosis. It involves excision of the vessel area 
with atherosclerotic plaque and closure of the incision 
with primary sutures or a vascular patch. Autologous 
vessels and commercial fl aps, such as decellularized bo-
vine pericardium, porcine small intestinal submucosa 
(SIS), polytetrafl uoroethylene (PTFE), and polyethylene 
terephthalate (Dacron), are commonly used as patches. 
However, these materials have several drawbacks, often 
failing to provide a long-term solution and necessitating 
repeated surgeries for patch replacement.

Autologous vessels, such as the great saphenous vein 
and superior thyroid artery, are considered the optimal 

material for patches due to their complete biocompati-
bility, absence of immune response, and resistance to 
thrombosis and restenosis. However, their use requires 
additional surgical intervention and may be restricted by 
vascular diseases or the limited availability of suitable 
implantation sites [6, 7].

Despite the widespread use of xenopericardial fl aps, 
they have a signifi cant drawback – the use of cytotoxic 
glutaraldehyde as a stabilizing cross-linking agent during 
material processing. Even with extensive washing pro-
tocols, complete removal of this toxic substance cannot 
be guaranteed. Additionally, glutaraldehyde has been 
linked to increased calcifi cation, further compromising 
long-term graft viability [8].

As a result, various methods for processing and pre-
serving xenomaterials are being developed to improve 
their safety and eff ectiveness [9–10]. Clinical trials of 
SIS as a patch have demonstrated minimal bleeding du-
ring implantation. However, pseudoaneurysm formation 
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was observed after six months, suggesting an imbalan-
ce between patch degradation and newly formed tissue 
synthesis, which could unpredictably aff ect SIS integ-
rity [11].

Polymeric patches off er several advantages. Expan-
ded PTFE has a porous structure, low thrombogenicity, 
and the ability to support endothelialization. Dacron is 
known for its high strength and resistance to overstret-
ching [7]. However, PTFE implantation has been associ-
ated with prolonged hemostasis time, and long-term stu-
dies have reported cases of hemodynamically signifi cant 
complications and ipsilateral strokes [12, 13]. Similarly, 
the use of Dacron patches carries risks of infl ammato-
ry reactions, infections, perioperative strokes, transient 
ischemic attacks, and restenosis [14–16].

The development of a novel material for angioplasty 
that ensures long-term patency of reconstructed blood 
vessels while minimizing the risks of restenosis, aneu-
rysms, destructive changes, and infl ammatory reactions 
remains a critical challenge. Tissue engineering approa-
ches enable the creation of biomimetic materials using 
both natural and synthetic components.

For this purpose, we selected medical-grade polyure-
thane (PU) (TecoFlex) as the base material. PU exhibits 
several properties essential for vascular applications, in-
cluding high tensile strength, elasticity, wear resistance, 
a small bend radius for tubular structures, and resistance 
to microbial attack and hydrolysis. Additionally, PU is 
biocompatible and hemocompatible, making it suitable 
for implantation [17].

PU has already been widely used in the manufacture 
of medical device components and implantable products 
[18, 19]. In vitro and in vivo studies have demonstrated 
its stability, showing no signs of biodegradation [20–22]. 
This resistance to degradation is expected to provide 
structural stability to the PU matrix during vascular re-
modeling, reducing the likelihood of aneurysm formation 
and ensuring long-term functionality within the vascular 
system.

According to the literature, sheep are considered the 
optimal large animal model for preclinical testing of 
tissue-engineered products for cardiovascular surgery, 
as they allow for the evaluation of key parameters such 
as patency, endothelialization, thromboresistance, and 
aneurysm formation at the implantation site [23].

In this study, a 3D porous non-woven matrix based on 
12% PU was implanted into the carotid artery of sheep 
as a long-term vascular patch. The study duration was 
six months, during which the patency and remodeling of 
the PU matrix were assessed. As a comparison, a com-
mercial bovine pericardial (BP) fl ap, routinely used in 
angioplasty at our medical center, was included in the 
evaluation.

This study will help to establish the suitability of PU 
for cardiovascular surgical products.

The study aims to assess the remodeling characte-
ristics of synthetic PU vascular patches and compare 
them with BP patches following implantation in a sheep 
carotid artery over a six-month period.

MATERIALS AND METHODS
Fabrication of matrices

Synthetic PU matrices were fabricated using a 12% 
solution of Tecofl ex EG-80A (Lubrizol Advanced Mate-
rials, USA) in chloroform (Vecton, Russia) via electro-
spinning on a Nanon-01A apparatus (MECC, Japan). The 
electrospinning parameters were set as follows: voltage 
20 kV, manifold rotation speed 200 rpm, solution feed 
rate 0.5 mL/hour, and needle cleaning time 30 seconds. 
For comparison, biological matrices were obtained from 
commercially produced BP (Kem-Periplas Neo, CJSC 
“Neocor”, Russia).

Matrix implantation into a sheep carotid 
artery

Surgical implantation of synthetic and biological ma-
trices as vascular patches was performed on female Edil-
bay sheep, each weighing approximately 42–45 kg. The 
procedures were conducted sequentially in compliance 
with regulatory guidelines, including Order No. 1179 
of the USSR Ministry of Health (October 10, 1993) and 
Order No. 267 of the Russian Ministry of Health (June 
19, 2003), which outline the “Rules for conducting work 
using experimental animals”. The study also adhered to 
the principles of the European Convention (Strasbourg, 
1986) and the Helsinki Declaration of the World Medical 
Association (1996) on the humane treatment of animals. 
Ethical approval for the study was granted by the local 
ethics committee of the Research Institute for Complex 
Issues of Cardiovascular Diseases (protocol No. 6, dated 
May 4, 2023).

PU and BP matrices were implanted into a sheep ca-
rotid artery for a period of 6 months (n = 3, one sample 
for each patch type). The implanted patches measured 
4×40 mm.

The surgical procedures were performed under ge-
neral anesthesia, with anesthesia, intraoperative drug 
management, and postoperative drug support following 
previously established protocols [24]. Throughout the 
intervention, vital parameters were continuously mo-
nitored, including blood pressure, heart rate, and SpO2. 
Mechanical ventilation was maintained with a respiratory 
rate of 12–15 breaths per minute, positive end-expiratory 
pressure (PEEP) of 7–9 mbar, tidal volume of 6–8 mL/
kg, and an inspired oxygen fraction (FiO2) of 40–60%.

The implantation procedure involved gaining access 
to the carotid artery, followed by systemic administration 
of 5000 U of heparin intravenously. The carotid artery 
was then clamped, and a longitudinal arteriotomy of up 
to 40.0 mm in length was performed.
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Matrices measuring 40.0×4.0 mm were sutured into 
the arteriotomy defect using interrupted sutures with 
Prolene 6/0 thread (Ethicon, USA). Blood fl ow was res-
tored according to the standard air embolism prevention 
protocol. The surgical wound was closed with Vicryl 2.0 
thread (Ethicon, USA) and treated with BF glue. Addi-
tionally, 4000 anti-Xa IU/0.4 mL of enoxaparin sodium 
was administered subcutaneously, and the animal was 
subsequently extubated.

Assessment of patency of vessels with 
implanted matrices

The patency of carotid arteries with implanted ma-
trices in sheep was assessed using ultrasound scanning 
with a portable, premium-class color Doppler system 
(M7, Mindray, China). Evaluations were conducted on 
postoperative days 1 and 5, followed by bi-monthly 
assessments until the planned endpoint of the study at 
6 months.

Scanning electron microscopy
The explanted PU and BP matrix specimens, along 

with adjacent carotid artery sections, were fi xed in 10% 
aqueous formalin (pH 7.4, BioVitrum, Russia). Post-
fi xation, dehydration with alcohols, and staining with 
uranyl acetate were performed as per a previously de-
scribed technique [25]. The stained patch samples were 
embedded in Epon epoxy resin (Electron Microscopy 
Science, USA). The epoxy blocks were then ground and 
polished using a TegraPol-11 machine (Struers, USA), 
followed by contrast staining with Reynolds lead citrate. 
A carbon layer (10–15 nm) was sputtered using a vacuum 
sputtering system (EM ACE200, Leica). The surface 
structure of the samples was examined in backscattered 
electron mode using a Hitachi-S-3400N scanning elect-
ron microscope (Hitachi, Japan) in BSECOMP mode at 
an accelerating voltage of 10 kV.

Histological examination of samples
The preparation of explanted PU and BP matrix sam-

ples for histological examination followed a previously 
described procedure [26]. After deparaffi  nization, se-
lected sections were stained with Harris hematoxylin 
(BioVitrum, Russia, Novosibirsk) and eosin (BioVitrum, 
Russia, Novosibirsk), followed by washing in running 
water, fi xation in 96% alcohol, and clarifi cation in o-
xylene. Collagenization of the samples was assessed 
using Van Gieson stain, which involved sequential stai-
ning with Weigert’s hematoxylin (BioVitrum, Russia, 
Novosibirsk) and picrofuchsin (BioVitrum, Russia, 
Novosibirsk). Calcium presence was identifi ed using 
alizarin red S (Khimservice, Russia) and DAPI nuclear 
dye (Sigma-Aldrich, USA). The stained sections were 
mounted with Vitrogel (BioVitrum, Russia, Novosibirsk) 
and examined under an AXIO Imager A1 microscope 
(Carl Zeiss, Germany) at 100× and 200× magnifi cation.

Confocal microscopy
For immunofl uorescence analysis, slices were prepa-

red from frozen explanted specimens using a cryotome 
(Microm HM 525, Thermo Scientifi c). These slices were 
fi xed in 4% paraformaldehyde for 10 minutes and per-
meabilized with Triton-X100 solution (Sigma-Aldrich, 
USA) for 15 minutes. The sections were then stained 
with specific primary antibodies: rabbit anti-CD31 
(Abcam, UK), mouse anti-alpha-smooth muscle actin 
(ACTA2) (Abcam, UK), rabbit anti-von Willebrand Fac-
tor (vWF, Abcam, UK), rabbit anti-collagen IV (Abcam, 
UK), mouse anti-collagen I (Abcam, UK), and rabbit 
anti-collagen III (Novus Biologicals, USA).

Following overnight incubation at 4 °C with the pri-
mary antibodies, the sections were treated with secon-
dary antibodies for 1 hour at room temperature: donkey 
anti-rabbit IgG conjugated with Alexa Fluor 488 (Ther-
mo Fisher Scientifi c, USA) and donkey anti-mouse IgG 
conjugated with Alexa Fluor 555 (Thermo Fisher Sci-
entifi c, USA). At all staining stages, phosphate-buff ered 
saline supplemented with 0.1% Tween (Sigma-Aldrich, 
USA) was used for washing. Autofl uorescence was eli-
minated using an Autofl uorescence Eliminator Reagent 
(Millipore, USA) according to the manufacturer’s inst-
ructions. Cell nuclei were stained with DAPI (10 μg/mL, 
Sigma-Aldrich, USA) for 30 minutes.

The prepared samples were examined using a con-
focal laser scanning microscope LSM 700 (Carl Zeiss, 
Germany).

Statistical data analysis
Statistical data analysis was conducted using Graph-

Pad Prism 8 software (GraphPad Software, USA). The 
distribution of the data was assessed using the Kolmo-
gorov–Smirnov test. Results were presented as median 
(Me) with interquartile range (Q1; Q3). To compare dif-
ferences between two independent groups, the Mann–
Whitney U test was applied. Diff erences were considered 
statistically signifi cant at a signifi cance level of p < 0.05.

RESULTS
Results of PU matrix implantation in a sheep 
carotid artery

Ultrasound results at 6 months post-implantation of 
the PU matrix showed complete patency of the carotid 
artery. No signifi cant aneurysmal dilatations, stenoses, 
or hematomas were detected (Fig. 1, a, b). Blood fl ow 
velocity in the patched vessel was measured at 75 cm/s 
(Fig. 1, b).

Upon visual inspection during access to the sheep 
carotid artery, the implanted PU matrix appeared consis-
tent with ultrasound fi ndings. The implantation site was 
moderately surrounded by a connective tissue capsule 
without signs of infl ammation (Fig. 1, a). The PU patch 
exhibited no signifi cant structural changes or aneurys-
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Fig. 1. PU matrix: a, view of the PU matrix 6 months after implantation in a sheep carotid artery; b, ultrasound scan image 
of the carotid artery 6 months after PU matrix implantation; c, explanted PU matrix with neighboring sections of the sheep 
carotid artery; d, cross section of the carotid artery with the implanted PU matrix

a b

c d

Fig. 2. Results of histological examination and scanning electron microscopy of the PU matrix 6 months after implantation 
into a sheep carotid artery (white and black arrows indicate neointima of the vessel): a, general view of the explanted PU 
matrix, H&E stain, ×50 magnifi cation; b, general view of the PU matrix, Van Gieson’s stain, ×50 magnifi cation; c, general 
view of the PU matrix, alizarin red S stain, ×50 magnifi cation; d, general view of the PU matrix, DAPI-stained fl uorescence 
image, ×50 magnifi cation; e, general view of the matrix, ×100 magnifi cation; f, neointima, ×1000 magnifi cation; g, area of 
junction between vessel neointima and PU matrix, ×1000 magnifi cation; h, single foreign-body giant cells with PU fi bers in 
the cytoplasm in the area of contact between the neoadventitia and the matrix, ×500 magnifi cation
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mal dilations. Macroscopically, the PU matrix closely 
resembled the native carotid artery wall due to complete 
integration and remodeling (Fig. 1, a–c). The explant 
was soft and elastic.

In the transverse section of the carotid artery with the 
implanted patch, the PU matrix maintained a circular 
lumen alongside the vascular wall (Fig. 1, d). The matrix 
wall showed no neointimal hyperplasia and matched the 
thickness of the carotid artery wall (Fig. 1, d).

Histological examination revealed that the PU ma-
trix maintained its structural integrity without signs of 
infl ammation or calcifi cation, both within the patch and 
in the surrounding tissues, indicating a low resorption 
rate and high biocompatibility (Fig. 2, a–d).

The PU matrix had a thickness of 343.3 (331.3; 361.2) 
μm. A neointima formed on the inner surface of the ves-
sel at the site of the implanted patch, measuring 191.4 
(164.3; 289.2) μm in thickness. Externally, the patch was 
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Fig. 3. Results of immunofl uorescence study of PU matrix 6 months after implantation in a sheep carotid artery, ×200 magni-
fi cation, scale bar 50 μm: a, endothelium on the inner surface (CD31, green glow), alpha actin-containing cells (red glow); b, 
von Willebrand factor (vWF, green glow); c, collagen type III (Col III, green glow); d, collagen type IV (Col IV, green glow), 
collagen type I (Col I, red glow), DAPI-stained cell nuclei (blue glow)

CD31/α-actin vWF Col III Col IV/Col I

a b c d

covered by newly formed adventitia with a thickness of 
192.2 (164.0; 289.2) μm.

For comparison, the native sheep carotid artery had 
the following parameters: intima (20.14 (16.32; 22.70) 
μm; medial 530.1 (517.2; 547.7) μm; adventitia 202.6 
(190.6; 212.7) μm).

Thus, remodeling of the implanted PU matrix un-
der blood fl ow conditions led to the formation of both 
neointima and neoadventitia. The total thickness of the 
patched vascular wall after 6 months of implantation 
was 731.2 (711.5; 751.3) μm, which did not signifi cantly 
diff er from the native wall thickness of the sheep carotid 
artery (766.8 (740.4; 791.2) μm).

SEM analysis of the explanted PU matrix corrobo-
rated the histological fi ndings, revealing no evidence of 
neointimal hyperplasia, infl ammation, or calcifi cation 
(Fig. 2, e–h). The inner vascular surface of the implanted 
patch was covered by a continuous layer of endothelium-
like cells (Fig. 2, f). At the neointima-patch interface, 
macrophages were observed, with some demonstrating 
the ability to migrate into the matrix (Fig. 2, g).

The outer surface of the matrix was enveloped by 
neoadventitia, which contained histological elements 
characteristic of the carotid adventitial sheath, inclu-
ding newly formed vasa vasorum (Fig. 2, a, h). Signs 
of partial bioresorption were observed on the side of 
the implanted patch facing the neoadventitia, where the 
matrix was surrounded by clusters of multinucleated 
foreign-body giant cells (FBGCs) with isolated PU fi -
bers detected within their cytoplasm (Fig. 2, h). Overall, 
monocytic-macrophage cells and multinucleated FBGCs 
were primarily localized in the superfi cial layers of the 
patch, while only a sparse number of cellular elements 
were present within the deeper regions of the PU matrix 
(Fig. 2, g, h).

Immunofl uorescence analysis followed by confocal 
microscopy confi rmed the presence of α-actin-producing 
smooth muscle-like cells within the neointima (Fig. 3, a). 
The inner vascular surface of the implanted PU matrix 
was lined by a monolayer of mature endothelial cells 

actively synthesizing von Willebrand factor (Fig. 3, b). 
Collagen III and IV were detected throughout all lay-
ers of the examined sections, including the PU matrix, 
neointima, and neoadventitia. However, the most intense 
fl uorescence of these proteins was observed in the en-
dothelial layer (Fig. 3, c, d). Cellular infi ltration within 
the PU matrix remained low.

Consequently, the remodeling of the PU matrix im-
planted into a sheep carotid artery over a 6-month period 
led to the development of a three-layer structure resemb-
ling the native vascular wall. The absence of premature 
material degradation, calcifi cation, infl ammation, an-
eurysmal formation, or stenotic changes highlights the 
high biocompatibility of PU as a vascular patch material.

Results of BP matrix implantation in a sheep 
carotid artery

Ultrasound evaluation at 6 months post-implantation 
of the BP matrix in a sheep carotid artery confi rmed 
vessel patency, with no evidence of aneurysmal dila-
tation, stenosis, or signifi cant hematomas. The blood 
fl ow velocity at the site of the implanted patch averaged 
67 cm/s (Fig. 4, a, b).

Upon visual inspection during access to the sheep ca-
rotid artery, no signifi cant structural changes, aneurysmal 
dilatations, or hematomas were observed at the BP matrix 
implantation site (Fig. 4, a). A vascularized connective 
tissue capsule uniformly enveloped the implanted BP 
matrix (Fig. 4, a, c). The explant remained elastic with 
a dense structure.

A transverse section of the carotid artery confi rmed 
that the BP matrix maintained a circular lumen in com-
bination with the vascular wall (Fig. 4, d). However, the 
implanted patch site appeared thicker than the native 
carotid artery wall, which may indicate neointimal hy-
perplasia (Fig. 4, d).

Histological analysis of the explanted BP matrix con-
fi rmed that its structural integrity was largely preserved 
after 6 months of implantation (Fig. 5, a–d). However, 
minor areas of delamination were observed within the 
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Fig. 4. BP matrix: a, view of the BP matrix 6 months after implantation in a sheep carotid artery; b, ultrasound scan of the 
carotid artery 6 months after implantation of the BP matrix; c, explanted section of the carotid artery with the implanted BP 
matrix; d, cross section of the carotid artery with the implanted BP matrix

a b

c d

Fig. 5. Results of histologic examination and scanning electron microscopy of the BP matrix 6 months after implantation into 
a sheep carotid artery: a, general view of the BP matrix, H&E stain, ×50 magnifi cation; b, general view of the BP matrix, Van 
Gieson’s stain, ×50 magnifi cation; c, general view of the BP matrix, alizarin red C color, ×50 magnifi cation; d, general view 
of the BP matrix, DAPI-stained fl uorescence image, ×100 magnifi cation; e, general view of the matrix, ×75 magnifi cation; f, 
area of anastomosis, ×200 magnifi cation; g, vessel neointima, magnifi cation ×1000; h, single foreign-body giant cells in the 
area of contact between the neoadventitia and the matrix, ×1000 magnifi cation
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e g
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patch, though these did not signifi cantly aff ect its overall 
architecture (Fig. 5, a–d). No signs of calcifi cation or 
infl ammation were detected.

By the end of the 6-month implantation period, re-
modeling of the BP matrix led to the formation of a 
neointima with a thickness of 627 (538; 817) μm and 
a neoadventitia with an average thickness of 540 (504; 
540) μm. The total vascular wall thickness at the im-
plantation site measured 1723 (1693; 1772) μm, nearly 
twice the thickness of the intact carotid artery wall (869 

(833; 875) μm), indicating the presence of neointimal 
hyperplasia in the patched region.

A detailed examination of the explanted BP matrix 
confi rmed the absence of infl ammation and calcifi cation 
(Fig. 5, e–h). The inner vascular surface was lined with a 
loose layer of endothelial-like cells (Fig. 5, e–g). Single 
areas of delamination were observed at the BP matrix im-
plantation site, but these did not compromise the overall 
structural integrity of the patch (Fig. 5, e–f). The neoin-
tima exhibited a tendency to thicken, both centrally and 
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Fig. 6. Results of immunofl uorescence study of the BP matrix 6 months after implantation in a sheep carotid artery, ×200 mag-
nifi cation, scale bar 50 μm: a, endothelium on the inner surface (CD31, green glow), alpha actin-containing cells (red glow); b, 
von Willebrand factor (vWF, green glow); c, collagen type III (Col III, green glow); d, collagen type IV (Col IV, green glow), 
collagen type I (Col I, red glow), DAPI-stained cell nuclei (blue glow)

CD31/α-actin vWF Col III Col IV/Col I

a b c d

in the anastomotic regions (Fig. 5, e–f). The implanted 
xenopericardial fl ap retained the fi brous structure cha-
racteristic of bovine pericardium (Fig. 5, e). While the 
cellularity of the patch was low, single multinucleated 
foreign-body giant cells (FBGCs) were detected at the 
interface with the neoadventitia (Fig. 5, h).

Immunofl uorescence analysis of the explanted BP 
matrix revealed the presence of squamous alpha-actin-
producing cells within the neointima (Fig. 6, a). The en-
dothelial layer lining the inner vascular surface appeared 
loose and discontinuous, with weak expression of von 
Willebrand factor (Fig. 6, b). Collagen III fi bers were de-
tected throughout all layers of the sample, including the 
neointima, matrix, and neoadventitia (Fig. 6, c). Collagen 
IV was present in all layers, with individual brightly 
stained secreting cells scattered throughout (Fig. 6, d).

Thus, remodeling of the BP matrix implanted in a 
sheep carotid artery followed the process of forming 
a tissue analog of the vascular wall, comprising both 
neointima and neoadventitia. A key distinguishing fea-
ture of the biological patch was the presence of localized 
delamination, indicative of material degradation. Additi-
onally, the pronounced neointimal hyperplasia observed 
after six months of implantation highlights structural and 
functional diff erences between the implanted BP matrix 
and the native carotid artery wall.

DISCUSSION
Commercial grafts used for vascular reconstruction 

present several unresolved challenges, including throm-
bosis, calcifi cation, neointimal hyperplasia, and aneu-
rysm formation [27, 28]. Beyond these issues, xenope-
ricardial grafts are particularly susceptible to structural 
degeneration, especially in younger individuals [29, 30]. 
Materials such as PTFE and Dacron have also been asso-
ciated with calcium deposition, not only within the graft 
itself but also in adjacent vascular structures, including 
the adventitia, media, and intima [31].

Neointimal hyperplasia remains a critical concern in 
vascular surgery, as it signifi cantly impacts the long-term 

success of both surgical and endovascular procedures 
[32]. In our previous in vitro studies, we demonstrated 
that a PU material exhibited favorable physical and me-
chanical properties, with the potential to mitigate neoin-
timal hyperplasia. Notably, PU showed lower stiff ness 
compared to xenopericardium [33].

Our in-house study on a novel vascular patch material 
composed of 12% electrospun PU in a long-term sheep 
carotid artery implantation model demonstrated several 
advantages over commercial BP.

A key distinction between the two materials was 
observed visually at the time of explantation. The con-
nective tissue capsule surrounding the BP patch was 
denser compared to PU. Cross-sectional analysis further 
revealed a seamless integration of PU with the arterial 
wall, whereas BP exhibited pronounced thickening, in-
dicating structural disparity.

Secondly, histological evaluation confi rmed the ab-
sence of neointimal hyperplasia in the PU matrix and 
a closer resemblance to the native artery. The total 
thickness of the remodeled PU vascular wall was 731.2 
(711.5; 751.3) μm, aligning well with the native carotid 
artery. In contrast, BP demonstrated signifi cant neointi-
mal hyperplasia (627 (538; 817) μm thick), resulting in 
an overall vascular wall thickness of 1723 (1693; 1772) 
μm after six months of implantation.

Thirdly, the endothelial lining on the PU matrix was 
more continuous and functionally active compared to 
the less-developed endothelialization observed in BP.

Fourthly, the structural integrity of PU was higher 
than that of BP. While multinucleated FBGCs were 
present at the neoadventitia border in both materials, 
the location of these cells in BP was the same, but the 
material was stratifi ed.

Despite both materials supporting 100% patency of 
the reconstructed carotid arteries and maintaining phy-
siological blood fl ow over the six-month implantation 
period without aneurysm formation, the PU-based mat-
rix demonstrated superior remodeling capabilities under 
hemodynamic conditions. Given these advantages, PU 
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shows strong potential for use as a standalone component 
or as part of a composite structure to enhance elasticity 
and durability in vascular reconstruction applications.

CONCLUSION
The implantation of a PU matrix as a vascular patch 

demonstrated harmonious remodeling and preservation 
of the polymer framework under physiological blood 
fl ow conditions in a sheep model. Its high elasticity and 
durability make PU a promising material for cardiovas-
cular surgical applications, either as a standalone com-
ponent or as part of a composite structure designed to 
enhance vascular reconstruction outcomes.

This research was conducted as part of the funda-
mental theme of the Research Institute for Complex Is-
sues of Cardiovascular Diseases, No. 0419-2022-0001: 
“Molecular, cellular, and biomechanical mechanisms 
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