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Biodegradable, Self-Reinforcing Vascular Grafts for In Situ
Tissue Engineering Approaches

Sabrina Rohringer, Christian Grasl, Katharina Ehrmann, Pia Hager, Clemens Hahn,
Sophie J. Specht, Ingrid Walter, Karl H. Schneider, Lydia M. Zopf, Stefan Baudis,
Robert Liska, Heinrich Schima, Bruno K. Podesser, and Helga Bergmeister*

Clinically available small-diameter synthetic vascular grafts (SDVGs) have
unsatisfactory patency rates due to impaired graft healing. Therefore,
autologous implants are still the gold standard for small vessel replacement.
Bioresorbable SDVGs may be an alternative, but many polymers have
inadequate biomechanical properties that lead to graft failure. To overcome
these limitations, a new biodegradable SDVG is developed to ensure safe use
until adequate new tissue is formed. SDVGs are electrospun using a polymer
blend composed of thermoplastic polyurethane (TPU) and a new
self-reinforcing TP(U-urea) (TPUU). Biocompatibility is tested in vitro by cell
seeding and hemocompatibility tests. In vivo performance is evaluated in rats
over a period for up to six months. Autologous rat aortic implants serve as a
control group. Scanning electron microscopy, micro-computed tomography
(μCT), histology, and gene expression analyses are applied. TPU/TPUU grafts
show significant improvement of biomechanical properties after water
incubation and exhibit excellent cyto- and hemocompatibility. All grafts
remain patent, and biomechanical properties are sufficient despite wall
thinning. No inflammation, aneurysms, intimal hyperplasia, or thrombus
formation are observed. Evaluation of graft healing shows similar gene
expression profiles of TPU/TPUU and autologous conduits. These new
biodegradable, self-reinforcing SDVGs may be promising candidates for
clinical use in the future.

S. Rohringer, K. Ehrmann, P. Hager, C. Hahn, S. J. Specht,
K. H. Schneider, B. K. Podesser, H. Bergmeister
Center for Biomedical Research and Translational Surgery
Medical University of Vienna
Waehringer Gürtel 18-20, Vienna 1090, Austria
E-mail: helga.bergmeister@meduniwien.ac.at

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adhm.202300520

© 2023 The Authors. Advanced Healthcare Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

DOI: 10.1002/adhm.202300520

1. Introduction

Treatment of life-threatening cardiovascu-
lar disease often requires replacement of
compromised blood vessels. Autologous tis-
sues such as the internal mammary artery
or great saphenous vein are considered the
gold standard for coronary and peripheral
bypass grafting. However, in patients with
concomitant diseases or previous vascular
harvesting, the use of autografts is often
not indicated.[1–3] Clinically approved grafts
made of polyethylene terephthalate (PET)
or expanded polytetrafluorethylene (ePTFE)
have satisfactory long-term patency rates for
the replacement of large vessels but they do
not perform adequately as small-diameter
vascular grafts.[2,4] Therefore, there is a
significant need for the development of
new synthetic replacement materials. Nu-
merous studies have described the perfor-
mance of various tissue-engineered SD-
VGs in pre-clinical studies,[5] but only a
few made the transition to the clinic, ei-
ther as pulmonary artery conduits for con-
genital heart defects[6] or as arteriovenous
grafts for hemodialysis access.[7–9] A major

reason for graft failure remains the biomechanical mismatch be-
tween the conduit and the native blood vessel.[10,11] More elastic
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polymers have been developed to overcome this problem. As
early as 1989, Hayashi et al. described favorable biomechanical
properties of polyurethane vascular prostheses surrounded by a
polyester mesh.[12] Thermoplastic polyurethanes are biocompati-
ble and allow tuning of biomechanical features by modifying the
soft and hard building blocks of the polymer.[13,14]

In a study of Baudis et al. (2012), vascular conduits were fab-
ricated from hard-block degradable polyurethane that exhibited
satisfactory biomechanical properties as well as good biocom-
patibility and degradation behavior in a short-term implantation
model using rats.[14] These grafts were followed up for 12 months
and showed high patency rates and good host cell colonization.[15]

For clinical use of TPU, assured graft stability over the period of
degradation is required, as bulk degradation of biomaterials leads
to deterioration of mechanical properties.[16–18] A biomaterial ca-
pable of maintaining its structural integrity during degradation
until adequate neo-tissue formation occurs would be a desired
solution.

TPUU has been reported to have better mechanical proper-
ties compared to TPU.[19] In other studies, these TPUU mate-
rials showed good chemical stability but at the same time loss of
tensile strength or insufficient hydrolysis, which led to the devel-
opment of several strategies to overcome these drawbacks.[20–23]

However, significant improvement in biomechanical properties
could not be achieved. We developed a new TPUU that exhibits
self-reinforcing characteristics (patent: WO2022003204A1)[24] af-
ter one-week water contact. The design of the TPUU material de-
scribed in the current study was inspired by Ying et al. (2014),
who used dynamic urea bonds to produce reversible and self-
healing polyureas.[25]

We hypothesized that the introduction of our modifica-
tion would result in controlled degradation of the graft with-
out significant loss of biomechanical properties. Blended self-
reinforcing TPU/TPUU vascular prostheses were designed
(patent: WO2022162166A1).[26] To demonstrate the desired prop-
erties, biocompatibility, and hemocompatibility were investigated
in vitro. In addition, in vivo performance and graft healing were
evaluated in a small animal model.

2. Results

2.1. TPU/TPUU Graft Characteristics and Biomechanical
Properties

The grafts described in this study were fabricated from a 50/50
TPU/TPUU blend by electrospinning on a rotating steel man-
drel. The self-reinforcing effect was achieved by incorporating
hindered urea bonds into the polymer backbone and storage in
water for one week after fabrication (Figure 1A). The total length
of the graft was ≈6 cm. The conduits used for implantation had
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a length of 2 cm, an inner diameter of 1.6 mm (Figure 1B) and
a wall thickness of 130 ± 10 μm. In addition, a dense fiber struc-
ture was evident in cross sections of the graft wall (Figure 1C,D).
The fibers exhibited a random arrangement (Figure 1E,F). Ten-
sile force (Figure 1G) (dry: 1.04 ± 0.2 N, wet: 2.34 ± 0.3 N)
and burst pressure (Figure 1H) (dry: 1625 ± 231 mmHg, wet:
1973 ± 326 mmHg) were significantly increased after water
storage, while compliance (Figure 1I) remained unaffected (dry:
7.86 ± 2.04%/100 mmHg, wet: 7.8 ± 1.81%/100 mmHg). Mea-
surements of fiber diameter revealed equal diameters between
luminal and adventitial fibers (lumen: 2.59 ± 0.82 μm, adventi-
tia: 2.43 ± 0.67 μm) (Figure 1J).

2.2. In Vitro Biocompatibility

To evaluate the cytocompatibility of TPU/TPUU with cells known
to be involved in graft healing and remodeling, human en-
dothelial cells, adipose-derived mesenchymal stem cells (ASCs)
and macrophages were seeded on TPU/TPUU and ePTFE
controls. Figure 2A shows enhanced attachment of endothe-
lial cells on TPU/TPUU compared with ePTFE, as shown by
DAPI staining. Moreover, even under static seeding condi-
tions, endothelial cells aligned in a specific direction and ex-
hibited a distinct cytoskeleton on TPU/TPUU (visualized with
phalloidin staining, see also Figure S3A, Supporting Informa-
tion). CD31 was expressed on both polymers mainly in the
peri-nuclear region of the cytoplasm, but no significant dif-
ferences were observed in the expression of CD31 (ePTFE:
284 380.7 ± 57 815.25, TPU/TPUU: 280 274 ± 100 894.68)
or phalloidin (ePTFE: 453 546.4 ± 170 721.77, TPU/TPUU:
627 499.1 ± 307 528.86) (Figure 2E). ASCs showed little adhe-
sion on ePTFE and colony-like adhesion on TPU/TPUU. In con-
trast to endothelial cells, ASC attachment was in general lower on
both materials (Figure 2B; Figure S3B, Supporting Information).
Interestingly, ePTFE showed lower expression of ASC-specific
markers CD73 (ePTFE: 58 872.2 ± 50 768.67, TPU/TPUU:
710 753 ± 427 517.56) and CD90 (ePTFE: 203 176.3 ± 154 428.1,
TPU/TPUU: 737 848.1 ± 370 385.87) (Figure 2F). In addi-
tion, macrophage adhesion and polarization were analyzed
(Figure 2C,D). Again, the cell number was lower on ePTFE
compared to TPU/TPUU. The pan-macrophage marker CD68
was significantly less expressed on TPU/TPUU grafts (ePTFE:
297 338.1 ± 101 322.49, TPU/TPUU: 710 753 ± 427 517.56),
while low expression of anti-inflammatory CD163 was ob-
served on both materials (ePTFE: 404.4 ± 607.39, TPU/TPUU:
37 573.6 ± 30 599.67). CCR7 was more highly expressed on
TPU/TPUU compared to ePTFE (ePTFE: 28 462.7 ± 15 204.12,
TPU/TPUU: 150 979.9 ± 98 933.37) (Figure 2G; Figure S3C, Sup-
porting Information).

2.3. In Vitro Hemocompatibility

The thrombogenic potential of TPU/TPUU was tested by eval-
uating platelet adhesion. Figure S4A (Supporting Information)
shows that the number of adherent platelets per ROI was higher
on TPU/TPUU than on ePTFE. The result was probably not sig-
nificant because of high donor variability (ePTFE: 21± 9 platelets,
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Figure 1. A) Graft properties and biomechanical characteristics of TPU/TPUU grafts. The grafts were fabricated by electrospinning in a high-voltage
field. B) The fabricated grafts had a length of 2 cm and an inner diameter of 1.6 mm. C,D) Cross sections of the graft wall showed a dense meshwork
of electrospun fibers. E,F) Luminal and adventitial fiber structures were randomly distributed. G) The tensile force and H) burst pressure increased
significantly after storage in water (n = 35). I) Compliance values remained unchanged (n = 29). J) Luminal and adventitial fiber diameters were the
same (n = 29). Statistical analysis: t-tests, ***: p ≤ 0.001, mean ± SD.

TPU/TPUU: 26 ± 7 platelets). The results of the hemolysis tests
did not show hemolytic properties of TPU/TPUU (Figure S4B,
Supporting Information). The hemolysis rate of both materi-
als was in the range of negative control (pos. CTRL: 3.8519%,
neg. CTRL: 0.07 ± 0.01%, ePTFE: 0.08 ± 0.24%, TPU/TPUU:
0.04 ± 0.28%).

2.4. In Vivo Performance

TPU/TPUU grafts were implanted in the abdominal aorta of rats
and compared with autologous implants. The average length of
the TPU/TPUU grafts was 1.5 cm. The length of autologous
biopsies was limited to 1 cm. Because of the high elasticity of
the aorta, the proximal and distal ends of the native artery re-
tracted after graft harvest. Therefore, it was not possible to per-
form tension free anastomoses when longer implants were re-

sected. None of the implanted grafts showed signs of chronic in-
flammation, thrombus formation, or aneurysms. After 3 months,
a highly vascularized tissue layer formed on the adventitial side
(Figure 3A). One animal with TPU/TPUU implant died after
46 days. However, the excised graft was not occluded. Due to
the resulting 90% patency of TPU/TPUU implants, the non-
inferiority threshold of 15% was met, and the TPU/TPUU con-
duits were therefore considered patent (Figure 3B). Wall thick-
ness of TPU/TPUU grafts was reduced by 1.6 ± 0.04% at 1
month, 11.6 ± 13.8% after 3 months and 23.7 ± 0.7% after 6
months (Figure 3C). Compliance was significantly reduced af-
ter 6 months (0 d: 10.03 ± 0.35, 6 m: 6.45 ± 1.86%/100 mmHg)
(Figure 3D). Tensile force (0d: 3.04 ± 0.19 N, 6 m: 3.65 ± 0.51 N)
and maximal strain (0 d: 555 ± 4%, 6 m: 539 ± 52%) remained at
high levels after 6 months of implantation and did not decrease
(Figure 3E,F).
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Figure 2. Cell biocompatibility of TPU/TPUU in vitro. A) Endothelial cells showed enhanced attachment and alignment to TPU/TPUU compared to
ePTFE. B,F) Increased cell attachment and cell-specific marker expression were also observed for ASCs. C,D) Macrophages did not exhibit a distinct pro-
or anti-inflammatory phenotype under either condition but G) quantification of fluorescence signals showed decreased levels of CD68 and increased
values for CCR-7 on TPU/TPUU. (n = 16). Statistical analysis: Two-way ANOVA, ***: p ≤ 0.001, mean ± SD.
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Figure 3. In vivo performance. A) The grafts showed no aneurysmal dilatation, chronic inflammation, or thrombus formation and the newly formed
media layer was highly vascularized. B) All grafts remained patent, and only one animal died from complications not related to the grafts. C) Graft wall
thickness decreased by 25% after 6 months of implantation (n = 3). D) Compliance was significantly reduced after 6 months, E,F) while tensile force
and maximal applied strain values remained unchanged (n = 3). Statistical analysis: t-test, *: p ≤ 0.05, mean ± SD.

2.5. Graft Remodeling

Histologic assessment of long-term TPU/TPUU implants (3
months, Figure 4A) showed the formation of a neointimal, neo-
medial, and neoadventitial layer. While the newly formed tis-
sue on the outside of the graft did not have a strong inter-
face with the graft wall, the luminal cell layer appeared to be
well fused, as indicated by the H&E staining. The adventitial
layer showed only single cell adhesions but no cell infiltra-
tion into the graft wall. aSMA-positive cells were detected in
the neomedia of TPU/TPUU grafts, but the fluorescence signal
was reduced compared with autologous implants (Autologous:
933 154.33 ± 266 282.74, TPU/TPUU: 91 924.43) (Figure S5B,
Supporting Information). In addition, the formation of an en-
dothelial layer was demonstrated by vWF staining. μCT analysis

confirmed that there was no tissue infiltration from the adventi-
tial side (Figure 4B). Furthermore, polymer degradation was uni-
form along the entire length of the conduit, and no evidence of
bulk degradation or leakage was observed. Moreover, both the lu-
minal and adventitial sides of the graft were covered with cells,
as shown by SEM examination (Figure 4B). Closer inspection re-
vealed that the newly formed cell layer around the polymer was
not firmly adhered to the TPU/TPUU graft. Instead, the cell layer
was easily detached from the polymer material. It was obvious
that the dense fiber structure and low porosity prevented cell
migration into the graft wall (Figure S5A, Supporting Informa-
tion). Samples from the mid-graft areas of the implanted con-
duits were subjected to RT-qPCR analyses to identify inflamma-
tory processes at different time points. Figure 4C shows that the
number of macrophages did not change during the implantation
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period (CD68 expression). Inflammatory markers CD80, CCR7,
and TNFalpha were slightly increased in TPU/TPUU conduits
compared with autologous implants, but none of the differences
were statistically significant. The anti-inflammatory genes for
CD206, CD163, and IL-10 showed a similar expression pattern
whereas IL-10 was significantly higher expressed in TPU/TPUU
at 3 months (Autologous: 1.08 ± 0.09, TPU/TPUU: 1.26 ± 0.07).
Overall, TPU/TPUU did not mediate specific immune responses
at any of the observed time points.

2.6. Perivascular Adipose Tissue Signaling

H&E and vWF staining showed that the perivascular adipose
tissues (PVATs) that formed around the TPU/TPUU conduits
were highly vascularized at 3 months and had vascular struc-
tures by 6 months of implantation (Figure S5C, Supporting In-
formation). Figure 5A also indicates that the adipocyte mark-
ers perilipin 1 (PLIN1), PLIN2, and PLIN3 were expressed.
Quantification of fluorescence showed that PLIN1 was sig-
nificantly increased between 3 months and 6 months of im-
plantation in autologous (3 m: 192 625.3 ± 42 213.63, 6 m:
330 190.65) and TPU/TPUU PVATs (3 m: 156 390.39, 6 m:
439 428.75 ± 135 651.197) and remained significantly higher
after 6 months in TPU/TPUU PVATs. PLIN-2 significantly
increased in autologous PVATs from 3 to 6 months (3 m:
154 054.86 ± 118 493.08, 6 m: 331 884.45 ± 159 595.831)
and was significantly higher in TPU/TPUU PVATs after 3
months (Autologous: 154 054.86 ± 118 493.08, TPU/TPUU:
323 224.05 ± 262 867.39). While PLIN3 was significantly more
expressed in TPU/TPUU implants compared with autologous
grafts after 3 months (Autologous: 92 822.99 ± 49 464.20,
TPU/TPUU: 152 211.57 ± 103 100.03), a significant decrease
in expression levels was observed in TPU/TPUU from 3 to
6 months after implantation (3 m: 152 211.57 ± 103 100.03,
6 m: 66 889.93 ± 55 349.61) resulting in a lower expression
of PLIN3 in TPU/TPUU compared with autologous PVATs at
6 months (Autologous: 131 919.57 ± 65 762.32, TPU/TPUU:
66 889.93 ± 55 349.61).

In addition, 38 different genes from PVAT involved in biomate-
rial/host interactions, inflammation, angiogenesis, and remodel-
ing were examined to determine the contribution of PVAT to graft
healing (Figure 5B). Gene expression analyses revealed no signif-
icant changes between autologous and TPU/TPUU implants for
either long-term implantation time point. Therefore, expression
changes between 3 months and 6 months were determined sepa-
rately for PVATs of each graft type. Figure 5C,D shows the genes
that were more than 20% differentially regulated in PVATs after
6 months compared with 3 months’ implantation. Interleukin
(IL)-4 (−24%), IL-1a (−21%), and especially Nf𝜅B (−31%) were
downregulated in PVATs from autologous implants. TPU/TPUU-
PVATs showed a reduction in matrix metalloproteinases (MMP)-

9 (−22.48%) and MMP-3 (−22.49%). Interestingly, similar to au-
tologous controls, IL-1a was reduced (−21.87%).

3. Discussion

The current study investigates the performance of a new, self-
reinforcing, biodegradable, electrospun polyurethane SDVG.
The graft demonstrated excellent biocompatibility and high pa-
tency rates in a preclinical study. In addition, the graft was shown
to maintain its exceptional biomechanical properties for a period
of 6 months after implantation.

As shown in several previous studies, compromised biome-
chanical properties during degradation of the biomaterial or
chronic inflammatory responses can lead to early rupture of the
graft.[27,28] Stowell et al. (2020) reported severe inflammation and
premature failure of poly(glycerol sebacate)/ poly(𝜖-caprolactone)
(PCL) composite conduits in a carotid replacement model in
sheep.[27] They hypothesized that the rate of degradation may
vary greatly among species and that slower resorption may re-
duce graft failure caused by the loss of biomechanical strength.
Another study showed increased stiffness and chronic inflamma-
tion of poly(lactic acid)/PCL grafts when implanted into the arte-
rial circulation of mice and attributed these disadvantages to the
choice of polymer composition used.[29]

Due to their good biocompatibility, polyurethanes have been
used for the fabrication of vascular grafts in recent years and
generally showed satisfying performance in preclinical and clin-
ical studies. Nevertheless, several problems have been reported.
Mitrathane, a polyether-urethane-urea graft showed biocompat-
ibility in vitro, but implantation studies as an AV-loop in dogs
revealed low patency rates (57% graft failure after 2 months of
implantation) due to excessive intimal hyperplasia.[30] Later, a
polyester-urethane graft (Vascugraft) performed well in vitro[31,32]

and in a rat study[33] but proved unsuitable as a thoraco-
abdominal bypass in dogs.[34] Despite the drawbacks of the de-
scribed studies, a recent clinical trial supports the use of TPUs in
humans. AVflo grafts showed satisfying secondary patency rates
when implanted as hemodialysis access for 2 years.[35,36] As men-
tioned earlier, the rate of degradation of a biomaterial is critical
for its long-term performance in vivo. Depending on the chemi-
cal structure of soft and hard segments and the phase separation
of TPU(U)s, degradation rates can vary significantly. Polycarbon-
ate urethanes exhibited a 32 ± 9% loss after one year of in vivo
implantation, and hard segments were reduced by 21 ± 8%. In
contrast, polyether urethanes lost 51 ± 5% of their soft blocks
after the same time period and showed a 17 ± 3% degradation
of hard segments.[37] The current study used a modification of
a previously published hard-block degradable polyurethane that
had performed well in implantation studies in rats.[14,15] The ma-
terial exhibited excellent patency, but remodeling varied among
subjects. To allow for more controlled degradation, a dynamic
urea group was added into the backbone of the TPU to provide a

Figure 4. In vivo performance. Grafts did not show aneurysms, chronic inflammation, or thrombus formation after 3 months. A) In addition, cells in the
adventitial tissue started to express aSMA after 3 months, and endothelial cells (stained by vWF) attached to the lumen. μCT analyses showed uniform
degradation of the graft wall along the entire length of the graft. B) SEM images showed cell attachment on the inner and outer surfaces of the grafts after
6 months of implantation. C) Gene expression analyses showed no chronic inflammatory processes during the implantation period. (n = 7). Statistical
analysis: Two-way ANOVA, *: p ≤ 0.05, mean ± SD.
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TPUU with self-reinforcing effects upon contact with an aqueous
solution.[25]

The material was suitable for the fabrication of thin-walled
electrospun grafts with fiber diameters between 1 and 4 μm. A
fiber diameter of 0.5 to 1 μm and a pore size in the range of
3–7 μm would be favorable for cell migration.[38] Preliminary
studies showed that self-reinforcing TPUU (100%, with no TPU
added) could not be processed into grafts with sufficient fiber
structure. Therefore, we decided to use a 50:50 mixture of TPUU
with a previously published TPU.[14,15] In this way, we were able
to produce grafts with excellent biomechanical parameters simi-
lar to those of native vessels.[39–43]

Biocompatibility was assessed by seeding of the graft sam-
ples with various vessel-specific cells in vitro. HUVECs formed
a nearly confluent monolayer on TPU/TPUU after one week,
whereas ePTFE showed only sparse attachment of HUVECs.
Unmodified ePTFE, as used in the current study, has a pa-
tency rate of 39% after 5 years, mainly due to the poor en-
dothelialization and the hydrophobicity of the material.[2,44,45]

On both polymers, CD31 expression was observed mainly in
the perinuclear region of the cells. This expression pattern was
possibly mediated by phosphorylation of the cytoplasmic do-
main, which is normally observed in endothelial cells located
on basal lamina proteins or under flow conditions.[46–48] We hy-
pothesize that the surface structure of the polymers may in-
duce the unfolding of the cytoplasmic domain structure, lead-
ing to enhanced mechanosignaling,[48] which would explain the
alignment of HUVECs on the relatively rough TPU/TPUU sur-
face without the application of flow. Endothelial cells on ePTFE
and TPU/TPUU showed actin filament expression which is im-
portant to maintain endothelial functionality in vivo.[49] Mes-
enchymal stem cells from various sources play important roles
in organ function, replacement of dysfunctional cells, cytokine
expression[50] and vascular regeneration.[51,52] Because of their
high availability and easy isolation, adipose-derived MSCs were
used in the present study. CD73 is an important molecule medi-
ating the anti-inflammatory and reparative functions of MSCs[53]

and CD90 determines the reprogramming ability of MSCs.[54]

Due to the biological importance of these two molecules, their
expression on ASCs was investigated. ASCs generally showed
lower adhesion to both graft materials than HUVECs. Never-
theless, ASCs expressed significantly higher levels of CD73 and
CD90 on TPU/TPUU than on ePTFE. Hollweck et al. (2010) re-
ported low attachment and viability of MSCs and atypical spher-
ical cell morphology on ePTFE,[55] which is consistent with our
observations. In one of our previous publications, we showed that
macrophages undergo a phenotypic switch from M1 to M2 af-
ter 12 weeks of implantation in TPU/TPUU grafts.[56] We there-
fore tested the expression of phenotypic markers of macrophages
seeded on TPU/TPUU and ePTFE. Interestingly, TPU/TPUU in-
hibited the expression of CD68 and induced polarization into the
pro-inflammatory phenotype. It is likely that long-term seeding

experiments would provide more insight into marker expression
in future studies.

To determine the thrombotic and hemolytic potential of
TPU/TPUU before performing the in vivo studies, platelet ad-
hesion and hemolysis assays were performed. We found slightly
increased adhesion of platelets to TPU/TPUU compared with
ePTFE. Previously, it was described that the size of TPU/TPUU
microstructures affects platelet adhesion.[57] Wan et al. (2008) re-
ported that the surface roughness of electrospun materials can
strongly affect platelet adhesion. Moreover, polymers can be pos-
itively charged after the electrospinning process.[58] Since the sur-
face of platelets is known to be mainly negatively charged,[59]

the enhanced adhesion could be due to electrostatic attraction.
However, these electrostatic forces could be neutralized by in-
cubating TPU/TPUU in water before the platelet adhesion ex-
periments. Furthermore, neither ePTFE nor TPU/TPUU exhib-
ited hemolytic properties. Another detailed hemocompatibility
study of polyurethanes supports our findings by showing that
polyurethanes do not exhibit hemolytic potential.[60]

Male Sprague Dawley rats were used to evaluate the biocom-
patibility and functionality of the grafts in vivo. Autologous con-
trols were selected to compare the synthetic substitutes with the
best available substitutes. In our newly designed polyurethanes,
aromatic groups were replaced by aliphatic ones to increase the
biocompatibility of the synthetic substitutes. The implantation
studies confirmed that TPU/TPUU is biocompatible not only in
vitro but also in vivo, as evidenced by the absence of inflam-
mation, aneurysm, or thrombus formation. Thus, we demon-
strated that the addition of TPUU to TPU does not alter its
previously demonstrated excellent biocompatibility and in vivo
performance.[14] TPU/TPUU patency rates were equivalent to
those of autologous aortic interposition grafts. One animal in the
TPU/TPUU group died because of non-graft related complica-
tions due to congenital diaphragmatic hernia and pulmonary hy-
poplasia.

An early study in 1984 showed that polyether urethane grafts
failed as AV loops in dogs after only 4 weeks of implantation.[30]

Later, Vascugraft, a polyester urethane, showed good results in
vitro[31,32] and in a pre-clinical small animal study,[33] but failed as
a femoro-popliteal bypass (patency rate: 38 ± 12%) in humans.
A major reason for the failure of biodegradable grafts remains
chemical and structural instability during polymer degradation.
In the current study, we demonstrated that our new TPU/TPUU
graft maintained its biomechanical stability 6 months after im-
plantation despite wall thinning caused by degradation. The re-
sults therefore represent a breakthrough in enabling controlled
degradation of polyether urethane vascular prostheses without
significant loss of stability. Previous results have described the
failure of polyether urethanes due to chemical instability[16,17] or
deformation,[61] and some have even questioned their suitability
as medical implants.[37] The addition of a urea group to the TPU
macromolecule has been shown to improve its biomechanical

Figure 5. Perivascular adipose tissue signaling. PLIN1 was significantly upregulated in both implantation groups between 3 and 6 months. The expres-
sion of PLIN2 was lower than that of PLIN1 but was significantly upregulated in TPU/TPUU at 3 months. A) PLIN3 was downregulated in TPU/TPUU
grafts between 3 and 6 months (n = 16). B) While some remodeling markers were upregulated in TPU/TPUU after 3 months, gene expression levels of
both conditions converged at 6 months (n = 3). C) Downregulation of IL-4, IL-1a, and Nf𝜅B was observed in autologous implants. D) In TPU/TPUU,
in addition to MMP-3 and IL-1a, MMP-9 decreased significantly between 3 and 6 months. Statistical analysis: Two-way ANOVA, ****: p ≤ 0.0001, ***:
p ≤ 0.001, **: p ≤ 0.01, *: *: p ≤ 0.05, mean ± SD.
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properties.[21] However, other studies reported that the incorpo-
ration of dynamic urea bonds results in deterioration of the me-
chanical characteristics during self-healing and rapid degrada-
tion of the materials.[24,62] In the current study, we demonstrated
that our TPU/TPUU has overcome these drawbacks. Mechanical
testing in the current study showed that the burst and elonga-
tion strength remained unchanged despite a significant reduc-
tion in the size of the graft wall. Self-reinforcement during im-
plantation and the formation of a tissue layer on the adventi-
tial side of the graft may have been the reasons for a decrease
in compliance after 6 months. However, TPU/TPUU compliance
was still at values close to the coronary artery range (8–17%/100
mmHg).[43]

After 1 week, no difference from freshly implanted grafts
could be seen, as no tissue formed outside the graft. Neome-
dia was visible 3 months after implantation and matured after
6 months. After 3 months, aSMA-positive cells were detected in
the newly formed tissue indicating the formation of contractile
smooth muscle tissue[63] around the graft. Both autologous and
TPU/TPUU implants exhibited an endothelial lining in the lu-
men. The neomedia was surrounded by newly formed and highly
vascularized perivascular adipose tissue. μCT analyses showed
that no remodeling by cell infiltration occurred throughout the
graft. Instead, the material was degraded by surface erosion. We
hypothesize that the differences in the fiber structure of the mod-
ified TPU/TPUU did not allow cell infiltration despite the chem-
ical similarities with TPU. Remodeling of the grafts was simi-
lar to our previously designed polycarbonate urethane vascular
grafts, which showed good vascularization of the newly synthe-
sized tissue after one year of implantation despite presence of
residual polymeric material.[64] We therefore expect similar re-
sults for TPU/TPUU in longer implantation studies. Surface pat-
terns resembling the natural extra-cellular matrix structure on a
scale of nanometers to micrometers showed higher endothelial-
ization rates than random topographies,[65] which are prevalent
in the examined grafts and may explain the longer endothelial-
ization times needed.

Gene expression analyses showed no contribution of pro- or
anti-inflammatory mediators during the degradation process. To
gain a better understanding of the mechanisms leading to neo-
media formation, detailed analyses of PVATs from 3- and 6-
month implants were performed. We hypothesized that PVAT
may have an impact on tissue formation as it is an important
mediator of vascular hemostasis by secreting vasoprotective fac-
tors and targeting smooth muscle cells.[66] First, the expression
of different lipid droplet proteins (PLIN1, PLIN2, PLIN3) was
observed. PLIN1 is a protein located on the surface of lipid
droplets and is expressed exclusively on adipocytes and steroido-
genic cells.[67–69] Zou et al. (2016) showed that PLIN1-null mice
exhibited dysregulation of PVAT, developed spontaneous hyper-
tension, and had high expression of inflammatory markers.[69]

Therefore, the increase in PLIN1 expression in both types of
grafts during the implantation period suggests the formation of
a functional PVAT. In contrast, PLIN2 has been shown to be
expressed on metabolically activated macrophages (MMe) and
to serve as a pro-inflammatory marker.[70,71] The upregulation
of PLIN2 in TPU/TPUU-PVATs after 3 months indicated some
inflammatory response and infiltration of MMes from the sur-
rounding adipose tissue. However, this response attenuated after

6 months to the same levels observed in PVATs from autologous
implants. Similar to PLIN2, PLIN3 expression is not restricted to
adipocytes.[72] PLIN3 has been shown to restrict lipid metabolism
and thermogenic gene expression, thereby inhibiting the forma-
tion of disproportionate amounts of brown fat.[73] The changes in
expression levels observed in the current study suggest that newly
formed PVATs regulate their composition to maintain functional
integrity.

The results of gene expression analyses showed no significant
differences between autologous and TPU/TPUU implants. Inter-
estingly, the expression of several genes in the PVAT decreased
over time. In autologous implants, the expression of IL-4, a stim-
ulator of extra-cellular matrix deposition, remodeling, and vas-
cular stabilization,[74] decreased. Most likely, the surgical proce-
dure, particularly dissection of the aorta followed by removal of
PVAT, led to proliferation of IL-4 stimulated M2a macrophages
that rebuild the tissue. The decrease in nuclear factor “kappa-
light-chain-enhancer” of activated B-cells (Nf𝜅B) in autologous
implants has been associated with improved vascular homeosta-
sis, as increased Nf𝜅B levels are usually associated with intimal
hyperplasia and atherosclerotic plaque formation.[75] In addition,
a decrease in IL-1a has been observed in both autologous and
TPU/TPUU implants. Stimulation of IL-1a promotes stromal-
derived factor-1 (SDF-1) in vascular smooth muscle cells, leading
to increased remodeling of vascular implants.[76] The decrease
in MMP-9 in TPU/TPUU implants is related to the decrease in
MMP-3, as MMP-3 activates MMP-9 driven SMC migration.[77]

Moreover, MMP-3 together with MMP-1 has been shown to stim-
ulate the expression of MMP-9 in macrophages, leading to in-
flammation, wound healing, and tissue formation.[78] In conclu-
sion, gene expression data from PVATs suggest that remodeling
processes slowed down from 3 to 6 months of implantation, with
no evidence of chronic inflammation.

4. Conclusion

The results of the current study represent a breakthrough in
demonstrating controlled in vivo degradation of polyether ure-
thane vascular prostheses without significant loss of biomechan-
ical stability. The grafts exhibited excellent biocompatibility and
biomechanical properties both in vitro and in vivo. TPU/TPUU
could therefore be the next step toward a biodegradable tissue-
based vascular graft for challenging clinical applications.

5. Limitations

TPU/TPUU vascular prostheses exhibit favorable properties for
clinical use as SDVG. Degradation was slow but uniform along
the entire graft length, with no evidence of aneurysm formation
after 6 months. Because vascular prostheses must withstand ar-
terial pressure, aneurysm formation could occur after complete
graft degradation and inadequate tissue regeneration. However,
the formed neomedia/neoadventitia represents a differentiated
vascular tissue capable of meeting the hemodynamic require-
ments of arterial vascular structures. We have shown in previous
studies that the biomechanical requirements are met after long-
term application of one of the polymer blends alone (TPU) and
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that the remodeled grafts exhibited similar biomechanical prop-
erties as native blood vessels.[15]

However, longer implantation periods would be beneficial to
gain more insight into the long-term degradation behavior of
TPU/TPUU and graft remodeling. Modifications of the graft wall
should be further considered for future applications to promote
increased cell migration.

6. Experimental Section
Polymer Synthesis: Standard Schlenk-techniques were used for the

synthesis of both polymers. The structural formulas for both, TPU and
TPUU, are shown in Figure S2A (Supporting Information).

For the synthesis of TPU, dry poly(tetrahydrofuran) (pTHF,
M ̅w = 1000g mol−1, Sigma Aldrich, 37 ppm H2O, 5.121 g, 5.0 mmol,
1.0 eq) was weighed directly into the reaction flask and dried in vacuo at
60 °C for an hour. Hexamethylene diisocyanate (HMDI, Fluka, 1.174 g,
10.0 mmol, 2.0 eq) was added to the reaction vessel, and the transfer
syringe and vessel were rinsed with dry dimethylformamide (DMF, Sigma
Aldrich, 10 mL) in portions. Three drops of stannous octoate (Sn(Oct)2,
Sigma-Aldrich, USA, 150 μL) were added to the reaction mixture. After
stirring at 60 °C for 3.5 h, bis(2-hydroxyethylene) terephthalate (BHET,
recrystallized, Sigma Aldrich, 1.304 g, 5 mmol, 1 eq) was dissolved in dry
DMF (5 mL) and added to the reaction mixture, followed by the same
rinsing procedure as for HMDI. Stirring was continued overnight at 60 °C.
The resulting highly viscous mixture was diluted with DMF (70 mL) and
the polymer was precipitated in methanol (1.5 L) and filtered. After drying,
TPU (6.6 g, 87%) was obtained. The molecular weight was determined
by gel permeation chromatography (GPC) (conventional calibration with
PS-standards).

SEC: M̄w, = 90 kDa, Ð= 1.7
1H-NMR (200 MHz, CDCl3): 𝛿 [ppm] = 8.09 (4H, Har), 4.92 (2H, NH),

4.673 (2H, NH), 4.49 (4H, CH2C(=O)O), 4.39 (4H, OCH2), 4.04 (5H,
OCH–), 3.40 (55H, CH2), 3.13 (8H, CH2), 1.60 (55H, CH2), 1.46 (8H,
CH2), 1.31 (8H, CH2).

ATR-IR = 3325 cm−1
𝜈(N-H···N-H, urethane), 2914 cm-1 𝜈(C–H),

2850 cm−1
𝜈(OC–H), 1718 cm−1

𝜈(C=O, ester), 1688 cm-1 𝜈(C=O···H-
N, urethane, ordered), 1540 cm−1

𝛿(NH, urethane) + 𝜈(C–N, urethane),
1258 cm−1

𝜈(C–O, ether), 1100 m−1
𝜈(C–C).

For the synthesis of TPUU (PCT/EP2021/06 8506), pre-dried pTHF
(19 ppm H2O, 6.059 g, 6.10 mmol, 1.00 eq.) was weighed into the reaction
flask and dried for 1 h at 60 °C. To the dry molten polymer, dry DMF (5 mL)
and HMDI (2.111 g, 12.20 mmol, 2.00 eq.) were added. The syringe and
transfer vessel were rinsed with dry DMF (5 mL). Two drops of Sn(Oct)2
were added, and the reaction was stirred at 60 °C under argon. After 3 h,
BHET, (0.5 eq. 2.8 mmol, 0.7062 g) was dissolved in dry DMF (10 mL) and
added to the reaction mixture. Both, the transfer tube and syringe were
rinsed with dry DMF (10 mL), and stirring was continued at 60 °C. After
3 h, the heating was turned off and after the mixture cooled to room tem-
perature, di(tert-butyl)ethylenediamine (Fluka, 0.478 g, 2.8 mmol, 0.5 eq)
was added. Again, the syringe was rinsed with dry DMF (10 mL). Shortly
thereafter, white flocs formed in the reaction mixture. The viscosity of the
reaction mixture increased rapidly, so more volume of dry DMF (20 mL)
was added. Stirring at room temperature was continued overnight. To pre-
cipitate the polymer, the viscous solution was diluted with DMF and added
dropwise to diethyl ether (1 L). The white precipitate formed immediately
and was filtered off and air dried for 3 days. The structure of the polymer
was confirmed by GPC and nuclear magnetic resonance imaging.

M̄w = 65.570, Ð = 2.1
1H-NMR (400 MHz, CDCl3): 𝛿 [ppm] = 8.11 (4H, Har), 4.90 (4H,

NHC(=O)N), 4.71 (5H, NHC(=O)O), 4.52 (4H, CH2CO(=O)), 4.41 (4H,
OCH2), 4.06 (9H, OCH2), 3.41 (94H, OCH2), 3.26 – 3.05 (16H, CH2), 1.62
(110H, CH2), 1.53 – 1.15 (51H, NCH2, CH2, NC(CH3)2).

ATR-IR = 3320 cm−1
𝜈(N–H···N–H, urethane), 2935 cm−1

𝜈(C–H),
2850 cm−1

𝜈(OC–H), 2795 cm−1
𝜈(N–CH2), 1715 cm−1

𝜈(C=O,
ester; C=O···H–N, urethane, unordered), 1682 cm−1

𝜈(C=O···H–N,

urethane, ordered), 1670 cm−1
𝜈(C=O···H–N, urea, unordered),

1630 cm−1
𝜈(C=O···H–N, urea, ordered), 1540 cm−1

𝛿(NH, urethane) +
𝜈(C–N, urethane), 1258 cm−1

𝜈(C–O, ether), 1100 cm−1
𝜈(C–C).

Electrospinning: Preliminary tests showed that a polymer mix of 50/50
(TPU/TPUU) had advantageous effects on pore size as well as mechanical
properties compared to other blend ratios (Figure S2B, Supporting Infor-
mation). Therefore, this ratio was chosen for all further experiments. The
polymer blend was dissolved in hexafluoro-2-propanol (Sigma-Aldrich,
USA). The nanofibrous conduits were fabricated using a custom electro-
spinning device that included a high-voltage generator, a syringe pump, a
syringe with a 21 G blunt-ended needle, a Ø1.6 mm Teflon mandrel and
an auxiliary electrode. The flow rate of the polymeric solution was set at
0.7 mL h−1 and charged at 8.5 kV. The potentials of the rotating mandrel
and auxiliary electrode were adjusted to achieve an optimal fiber deposi-
tion rate. The complete electrospinning device was placed in a Faraday
cage and operated in a class 1000 clean room at 24 °C and a relative hu-
midity of 34%. The obtained electrospun grafts were cut into 20 mm wide
pieces and stored in water at room temperature for 7 days. After drying,
sterilization of the grafts was facilitated by ethylene oxide.

Biomechanical Testing: Biomechanical properties were evaluated as
previously described[79] on water-stored and dry-stored graft specimens
with 5% polymer concentration. Briefly, a uniaxial BOSE Electroforce LM1
test bench system (TA Instruments, New Castle, USA) was used to per-
form hoop-tensile tests. Graft rings of 2 mm length were placed on two
aligned steel pins of 0.6 mm diameter and loaded to failure at a crosshead
speed of 10 mm min−1. The compliance (% diameter change/100 mmHg)
was determined over the pressure range of 80–120 mmHg. In addition,
the burst pressure was determined using Laplace’s law. Grafts stored in
water with a polymer concentration of 8% were used for all subsequent
experiments.

Scanning Electron Microscopy (SEM): Graft specimens were placed on
specimen holders either as cross sections or with the luminal or adventitial
side up. Implanted samples were fixed in glutaraldehyde (Sigma-Aldrich,
USA, 2.5%) and then dehydrated with an increasing ethanol series, fol-
lowed by a final dehydration step in hexamethyldisilazane (HMDS, Sigma-
Aldrich, USA). Samples were sputter coated with 20 nm gold and analyzed
using a Zeiss EVO 10 microscope (Zeiss, Austria).

Cell Culture: Cells were incubated under standard cell culture condi-
tions at 37 °C, in 5% CO2 and 95% humidity. Human umbilical vein en-
dothelial cells (HUVECs) were purchased as a pooled donor batch (Lonza,
Switzerland). Adipose-derived mesenchymal stem cells (ASCs) were kindly
provided by Wolfgang Holnthoner from the Ludwig Boltzmann Institute
for Traumatology (Vienna, Austria). Endothelial progenitor cells (EPCs)
were isolated as previously described.[80] In brief, freshly donated blood
from healthy male and female donors (45 mL) was collected by venipunc-
ture into sodium citrate tubes (Vacuette, Greiner Bio-One, Austria) after
informed consent and approval by the local ethics committee of the Med-
ical University of Vienna (EK nr. 2321/2020). Peripheral blood mononu-
clear cells (PBMCs) were isolated after a 30-min density centrifugation us-
ing Ficoll Paque Plus (GE Healthcare, Austria). The recovered cells were
washed twice with PBS by centrifugation at 300 x g for 10 min. HUVECs,
ASCs, and EPCs were all cultured in Endothelial Growth Medium-2 (EGM-
2, Lonza, Switzerland) supplemented with additional fetal bovine serum
(FBS, Thermo Fisher, USA, 10%) and penicillin/streptomycin (Pen Strep,
Gibco, USA, 1%). Monocytes were isolated according to the same pro-
tocol as EPCs but cultured in Roswell Park Memorial Institute (RPMI)
medium (Sigma-Aldrich, USA) supplemented with GlutaMAX, FBS (10%)
and 2-mercaptoethanol (0.05 mm) (Thermo Fisher, USA). Three hours af-
ter isolation, a first medium change was made and RPMI with macrophage
colony stimulating factor (M-CSF, Biolegend, USA, 50 ng mL−1) was
added. Another medium change was made after 3 days (again with M-
CSF). Mature macrophages were used for experiments four days after iso-
lation.

In Vitro Biocompatibility: To evaluate the biocompatibility of
TPU/TPUU grafts, HUVECs, ASCs, EPCs, and undifferentiated
macrophages were seeded onto the graft samples. AeosTM ePTFE
grafts (Zeus Industrial Products, USA) were used as control material.
The grafts were cut into 6 × 3 mm specimens and inserted into 96
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well plates (Sigma-Aldrich, USA). The specimens were seeded with
1 × 104 cells of each cell type and incubated for one week under standard
cell culture conditions. Subsequently, the samples were washed three
times with 1 x phosphate buffer saline (PBS) and fixed overnight at 4 °C
in paraformaldehyde (PFA, 4%). Samples were washed again in PBS and
removed from well plates.

Immunofluorescence staining was performed to determine cell-type
specific marker expression and morphology of seeded cells as previously
described.[78] Samples were washed twice with PBS and nonspecific bind-
ing of antibodies was blocked with PBS/1%BSA for 1 h. Mouse anti-human
CD31-Fluoresceinisothiocyanate (FITC, BD Biosciences, USA) and phal-
loidin iFlour-555 reagent (Abcam, USA) were used for staining HUVECs.
ASCs were stained with mouse anti-human CD73-Phycoerythrin (PE) and
mouse anti-human CD90-FITC (both from Miltenyi Biotec, Germany).
Mouse anti-human CD68, rabbit anti-human CCR-7 and rabbit anti-human
CD163 (all from Abcam, USA) were used to detect pan-, anti-, and pro-
inflammatory proteins on macrophages. All primary antibodies were incu-
bated at room temperature for 40 min. If necessary, samples were washed
three times and further incubated with secondary antibodies goat anti-
mouse 647 or goat anti-rabbit 488 (both Abcam, USA). Samples were
embedded on slides with fluorescence mounting medium (Dako, USA)
containing 4’,6-diamidino-2-phenylindole-dihydrochloride (DAPI, Sigma-
Aldrich, USA, 1 μm) and imaged with an LSM700 confocal microscope
(Zeiss, Germany).

Hemocompatibility Assessments: Platelet adhesion was observed to
evaluate the thrombogenicity of TPU/TPUU compared with ePTFE grafts.
Blood collection was performed as described above. After centrifugation
with Ficoll Paque Plus, the top layer was transferred to a new 50 mL Falcon
tube and topped up to 50 mL with PBS before another centrifugation step
at 300 x g for 10 min. The platelet-rich plasma (upper 2/3 of the solution
in the Falcon tube) was incubated with 6 × 3 mm graft samples at 37 °C
for 2 h. Samples were then fixed overnight at 4 °C in glutaraldehyde (2.5%)
and dehydrated for SEM analysis with increasing ethanol series and a final
HMDS step.

The hemolytic potential of TPU/TPUU was determined by incubat-
ing the graft samples with 1:5 diluted blood containing NaCl (0.9%) at
37 °C for 1 h. A positive control was performed with distilled water in-
stead of NaCl, whereas a dilution with NaCl but no sample served as a
negative control. After the incubation period, samples were centrifuged
at 300 x g for 5 min and the supernatant was subjected to absorbance
measurement at 541 nm. The following formula was used to calculate
the hemolysis rate: ((Absorbance[samp]-Absorbance[neg])/(Absorbance[pos]-
Absorbance[neg])) *100%

Animal Model: The animal experiments were approved by the institu-
tional Ethics Committee and authorized by the Federal Ministry of Science
and Research (GZ: BMWFW-66.009/368-V/3b/2019, Helga Bergmeister).
All animals were treated in accordance with the principles of Good Scien-
tific Practice Guidelines of the Medical University of Vienna. Anesthetic
and analgesic procedures were performed as previously described.[79]

Electrospun TPU/TPUU grafts (length: 2 cm, inner diameter: 1.6 mm)
and autologous aortic grafts were implanted in male Sprague Dawley rats
(450–590 g) for 7 days, 3 months and 6 months (each time point n = 7).
The grafts were inserted into the infrarenal host aorta using a surgical
microscope (Zeiss Vario S88, Zeiss, Austria). End-to-end anastomoses
were performed with non-absorbable sutures (Monosof 10/0, Covidien,
USA). Before implantation, the conduits were flushed with physiological
saline containing heparin (5 IU mL−1). No anti-coagulation or anti-platelet
medications were administered during or after the study. At harvest, the
grafts were cut into samples for SEM, histology, and gene expression
analyses.

Magnetic Resonance Imaging (MRI) and Micro-Computed Tomography
(μCT): μCT was performed to determine the degradation of the graft wall
in a whole explanted graft after 6 months of implantation. The graft was
fixed in PFA (4%) for 24 h and then stained in 15 mL Lugol’s solution (1/3
iodinine, 2/3 potassium iodide in aqueous solution, both Sigma-Aldrich,
USA, 0.5%, 15 mL). To achieve a concentration of 0.5%, potassium iodide
was dissolved in double-distilled water. The μCT scans were performed us-
ing a SCANCO μCT 50 (SCANCO Medical AG, Switzerland) specimen μCT

scanner. A high-resolution scan was performed with 70 kVp (57 μA, 0.5 mm
AI filter, 1000 projections, 740 ms integration time) with an isotropic reso-
lution of 3.4 μm. The LUTs plugin in ImageJ was used to create pseudocol-
ored images of the μCT measurements to better visualize the degradation
of the vessel wall.

Histology: Histological evaluation of explanted grafts was similar to
previous studies.[64,81] Grafts were fixed in buffered PFA (4%) for 24 h and
then stored in ethanol (70%) until further processing. Tissues were then
dehydrated with an ascending ethanol series and embedded in paraffin
using a TissueTek VIP 6 automated embedding device (Sakura Finetek,
USA). For general morphological observation, 3 μm tissue sections were
stained with Hematoxylin and Eosin (H&E). In addition, immunohisto-
chemical examination was performed for endothelialization and forma-
tion of the medial/adventitial layer. Samples were blocked with normal
goat serum (Sigma-Aldrich, USA, 10%) for 60 min at room temperature.
Specimens were incubated with primary antibodies overnight at 4 °C. En-
dothelial cells were labeled with rabbit anti-von Willebrand factor (vWF)
and smooth muscle cells (SMCs) were stained with mouse anti-smooth
muscle actin (SMA) (both from Agilent, USA). PVAT was stained with rab-
bit anti-PLIN1 (Abcam, USA), mouse anti-PLIN2 (AntikörperOnline, Ger-
many) and PLIN3 (Santa Cruz, USA). Staining of vWF and PLIN1 was
performed with a secondary poly-HRP-anti-rabbit antibody, whereas SMA,
PLIN2, and PLIN3 were visualized in a second step by addition of poly-
HRP-anti-mouse (both from Immunologic, Netherlands). Detection was
performed by adding fluorescently labeled Tyramid solutions in Tris-HCl
pH 7.4 (Sigma-Aldrich, USA) for 10 min. Samples were counterstained
with DAPI (Sigma-Aldrich, USA) and embedded in Mowiol (Sigma-Aldrich,
USA) or AquaPolymount (Fisher Scientific, USA) mounting medium.

Gene Expression Analysis: The graft samples were stored in RNA later
solution (Thermo Fisher, USA) until processing. RNA was isolated using
a FavorPrepTM Tissue Total RNA Purification Mini Kit (Favorgen, Austria)
according to the manufacturer’s instructions. RNA quantity and quality
was assessed using a SPARK microplate reader (Tecan, Austria). Reverse
transcription into cDNA was performed using a reverse transcription kit
(Qiagen, Germany) according to the manufacturer’s instructions. cDNA
(30 ng) was used together with SYBR Green PCR Master Mix (Applied
Biosystems, USA) and the appropriate primers (10 μm, see Figure S1, Sup-
porting Information) for each reaction. RT-qPCR was performed using a
7500 Fast Real-Time PCR system (Applied Biosystems, USA).

Statistical Analysis: All in vitro experiments were performed with at
least three biological replicates. Cells were either isolated from different
donors or, in the case of purchased cells, used as pooled donor batches in
different passages to increase power. In vitro experiments were designed
and performed as balanced designs. Statistical analyses were performed
using Prism 6 software (GraphPad, USA). Normality of distribution was
tested using a D’Agostino’s K-squared test. In case of normality, t-tests
were performed. Mann-Whitney-U tests were performed if the measure-
ments did not show a normal distribution. To analyze differences between
time points and conditions, 2-factorial analysis of variance (ANOVA) was
performed. p-values < 0.05 were considered significant. Data were pre-
sented as mean ± SD. Significances were represented as asterisks (****:
p ≤ 0.0001, ***: p ≤ 0.001, **: p ≤ 0.01, *: p ≤ 0.05).

Because it was assumed that the autologous control group would per-
form similarly to the intact native aorta, the in vivo portion of the study was
designed as noninferiority active-controlled study. The noninferiority mar-
gin was set at 15% because of the unpredictable biological performance
of TPU/TPUU and the experience in the field of SDVG development. Per-
formance was assessed by time and described exploratively. Qualitative
assessments of endothelialization and intimal hyperplasia were also per-
formed. Statistical analyses of biomechanical properties, gene expression
and fluorescence quantification after implantation were performed as de-
scribed for the in vitro part.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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