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Abstract
Tissue-engineered vascular grafts (TEVGs) made of human textiles have been recently introduced
and offer remarkable biocompatibility as well as tunable mechanical properties. The approach
combines the use of cell-assembled extracellular matrix (CAM) threads, produced by cultured cells
in vitro, with weaving, a versatile assembly method that gives fine control over graft properties.
Herein, we investigated how production parameters can modify the geometrical and mechanical
properties of TEVGs to better match that of native blood vessels in order to provide long-term
patency. Our goals were to decrease the mechanical strength and the luminal surface profile of our
first generation of woven TEVGs, while maintaining low transmural permeability and good suture
retention strength. Different TEVGs were produced by varying CAM sheet strength as well as
weaving parameters such as warp count, weft ribbons width, and weft tension. An optimized
design reduced the burst pressure by 35%, wall thickness by 38% and increased compliance by
269%. The improved TEVG had properties closer to that of native blood vessels, with a burst
pressure of 3492 mmHg, a wall thickness of 0.69 mm, and a compliance of 4.8%/100 mmHg,
while keeping excellent suture retention strength (4.7 N) and low transmural permeability
(24 ml·min−1·cm−2). Moreover, the new design reduced the luminal surface profile by 48% and
utilized 47% less CAM. With a comparable design, the use of decellularized CAM threads, instead
of devitalized ones, led to TEVGs with much more permeable walls and higher burst pressure. The
next step is to implant this optimized graft in an allogeneic sheep model of arteriovenous shunt to
assess its in vivo remodeling and performance.

1. Introduction

Small to mid-diameter vascular grafts are implanted
daily by surgeons, whether it is for lower limb revas-
cularization, coronary bypasses, or as arterioven-
ous shunts. Autologous blood vessels are the gold
standard but these conduits have limited availability
and are not always in the best of conditions. While
synthetic prosthesis are available ‘off-the-shelf ’, they
are prone to thrombosis, intimal hyperplasia, and
infections [1–3]. More than 30 years ago, Weinberg
and Bell paved the way for the development of
tissue-engineered vascular grafts (TEVGs) with the
first biological blood vessel model [4]. Since then,

several strategies have emerged to produce the best
TEVG, based on scaffolds made of synthetic and nat-
ural materials [5, 6]. Biological scaffolds made from
mammalian extracellular matrix (ECM) have been
very successful in tissue engineering applications [7].
Indeed, ECM is present in every tissue and guides
cellular responses, tissue healing and regeneration.
However, purified proteins isolated from animal or
cadavers do not have a physiological arrangement,
thus are rapidly degraded when implanted in vivo
[8–10]. ECM assembled by cells in vitro recreate a
more physiological structure and, for this reason, can
be the material of choice for tissue engineering that
aims to produce a stable structure [11–15]. TEVGs

© 2023 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1758-5090/ad0d14
https://crossmark.crossref.org/dialog/?doi=10.1088/1758-5090/ad0d14&domain=pdf&date_stamp=2023-11-24
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-1082-8787
https://orcid.org/0000-0001-8309-4046
https://orcid.org/0000-0001-8602-3948
mailto:nicolas.lheureux@inserm.fr
http://doi.org/10.1088/1758-5090/ad0d14


Biofabrication 16 (2024) 015015 G Roudier et al

based on ECM synthesized by cells in vitro have been
proposed as promising alternatives to synthetic grafts,
especially because this is a cell-friendly material that
promotes in vivo remodeling and avoids infection [11,
16, 17]. L’Heureux et al was the first to demonstrate
the use of cell-assembled extracellular matrix (CAM)
to produce completely biological, implantable, vascu-
lar substitutes [18]. These grafts, produced by rolling
sheets of CAM to form a biological tube, were success-
fully implanted in humans [19, 20]. However, while
providing successful clinical outcomes, these TEVGs
took months to produce, required costly bioreactors,
and their mechanical properties were poorly tunable.

A vascular graft must, at least, withstand high
pressures, be suturable, and have leak-proof walls
to be implantable. To achieve long-term success, a
keymechanical property is compliance. Indeed, com-
pliance mismatch with native tissue has been well-
established as a cause of intimal hyperplasia and vas-
cular graft failure [21–26]. In addition to thosemech-
anical requirements, the ideal substitute should be
easily available and should allow host cells to function
normally to fight infections (unlike synthetic materi-
als), to repair damage (e.g. after puncture), or to grow
the tissue (e.g. in the case of pediatric application).

Textile technologies allow the production of fab-
rics with controlled geometrical and mechanical
properties. Widely used to produce synthetic vascu-
lar substitutes, this approach is increasingly popu-
lar for various tissue engineering applications [27,
28]. Recently, our group produced threads from devi-
talized CAM sheets [29]. These threads have been
shown to be stable in vitro for 1 year and steriliz-
able with minimal denaturation [30]. This new shape
of the material enables the use of textile approaches
to engineer CAM-based products. Among assembly
methods, weaving offers the possibility of creating
leak-proof walls, which is a critical property for a vas-
cular graft. Our first prototype of woven TEVG had
an extremely high burst pressure and suture retention
strength. However, such supraphysiological proper-
ties were associated with poor compliance, thus cre-
ating a mechanical mismatch with native blood ves-
sels. Moreover, the first prototype had thick walls and
was not flexible, which made puncturing and sutur-
ing the TEVGs difficult [29]. The main objective of
this study was to understand the effects of weaving
parameters on the properties of the TEVGs in order to
correct this mechanical mismatch, while maintaining
good suturability and low transmural permeability. A
secondary objective was to reduce wall thickness to
improve graft handling characteristics. An additional
objective was to minimize the surface profile of the
lumen of the graft to reduce hemodynamic perturba-
tions. Finally, design improvements were expected to
reduce the amount of CAM used to limit TEVG cost.

In this report, we demonstrate how the structural
and mechanical properties of these completely bio-
logical woven TEVGs can be improved by adapting

our material and controlling the assembly paramet-
ers. Such data will help to build a toolbox to produce
the optimal TEVG to achieve long-term in vivo suc-
cess, but also to produce human textiles with relevant
properties for other applications.

2. Materials andmethods

2.1. Devitalized CAM sheet production and
characterization
CAM sheets were produced as previously described
[31]. Sheep skin fibroblasts (SSFs) were isolated
from sheep skin biopsies as previously detailed and
were seeded in 225 cm2 flasks at a density of
104 cells·cm−2. Cells were cultured for several weeks,
depending on the desired strength, in DMEM/F-12
medium (Gibco®, #31331028) supplemented with
10% fetal bovine serum (FBS, Hyclone™ FetalClone
III, #AD19958305) and 0.5 mM sodium L-ascorbate
(Sigma, #A4034). CAM sheets were also produced in
6-well plates. Media were changed three times a week.
Once produced, CAM sheets were quickly rinsed in
sterile distilled water and frozen at −80 ◦C. When
needed, sheets were thawed, rinsed in sterile dis-
tilled water, and air-dried under the sterile air flow
of a biosafety cabinet at room temperature. Dried
sheets were stored at −80 ◦C until needed. Prior to
use, CAM was rehydrated in sterile water for at least
1 h and used as devitalized material. A perforation
test with a computer-controlled device (Shimadzu
Autograph AGS-X series, force transducer 100 N)
was done to determine CAM sheet strength. Six-
well plate CAM sheets were held by a custom-made
device and perforated with a spherical tip mounted
with a 9 mm plastic ball at a rate of 20 mm·min−1

until rupture. Data were analyzed with Trapezium-X
software. Thickness of fully rehydrated CAM sheets
were determined with a bi-axial laser micrometer
(Xactum, AEROEL).

2.2. Devitalized threads production and
characterization
Two sets of threads were produced, the warp (longit-
udinal threads) and the weft (circumferential thread),
as previously described [29].

For warp threads production, thawedCAM sheets
were placed in a cutting device. Circular blades were
pressed on the sheet and the device was pushed to
rotate the blades and cut the CAM to obtain 5 mm
wide by 17 cm long ribbons.

For weft production, CAM sheets were thawed
and dried on the back of a thin sacrificial plastic sheet
with a printed spiral pattern of a desired width. CAM
sheets were cut with surgical scissors following the
spiral pattern. Using this approach, two long ribbons
of approximately 1.5m can be produced from a single
225 cm2 sheet. Then, the internal part of one spiral
was attached with the external part of the second one
and the two ribbons were twisted together at a rate
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5 revolutions per centimeter of length using a rotat-
ing motorized device in order to produce an elastic
thread. Ribbons were then dried under a laminar flow
hood, spooled, and stored at −80 ◦C until needed.
Weft was produced from 3mm, 4mmand 5mmwide
ribbons.

Thickness or diameter of fully rehydrated threads
were determined with a bi-axial laser micrometer
(Xactum, AEROEL). Afterwards, threads were put in
between the jaws of a tensile test machine (Shimadzu,
AGS-X, force sensor 100N). Threads were pre-loaded
at 20 mmmin−1 until 0.1 N and pulled until breakup
at speed of 1% of loaded initial length per second.
Samples remained hydrated during the test and the
force at failure (N) was recorded.

2.3. CAM decellularization
To produce decellularized woven TEVGs, CAM sheets
were decellularized as previously described [32].
Briefly, frozen CAM sheets were thawed in sterile
distilled water. The water was then replaced with
120 ml of a decellularization solution composed of
8 mM 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate (CHAPS), 1000 mM sodium
chloride (NaCl), 25 mM ethylenediaminetetraacetic
acid (EDTA), and 120 mM sodium hydroxide
(NaOH) diluted in 1X phosphate buffered saline
(1X PBS, Gibco®, #10010023). CAM sheets were
immerged in the solution for 6 h under strong agit-
ation, before being rinsed three times in 1X PBS for
30 min and once in sterile distilled water overnight
under agitation. Decellularized CAM sheets were
used for threads production as described. To con-
firm efficient decellularization, rehydrated devital-
ized and decellularized 5 mm2 samples of CAM
were fixed in a 4% of paraformaldehyde-based solu-
tion (Antigenfix, Microm Microtech) for 1 h. After
two rinses in 1X PBS, Triton-X 0.1% was added to
the samples for 15 min to permeabilize cells mem-
branes. Following three washing steps of 5 min in 1X
PBS, 4′,6-diamidino-2-phenylindole (DAPI, 1:1000,
D1306, Invitrogen) was applied for 1 h at room
temperature. Images were acquired using a confocal
microscope (TCS SPE, Leica microsystems).

2.4. DNA quantification
The DNA of devitalized and decellularized CAM
sheets was quantitated to validate decellularization.
Dry samples were weighed and DNA was extrac-
ted and purified with a QIAamp® DNA mini kit
(Qiagen, #51304) following manufacturer’s instruc-
tions. Absorbance was measured with a photometer
p330 (Implen) and DNA concentration was reported
in ng per mg CAM dry weight.

2.5. TEVG production
TEVGs were woven on a custom-made circular loom,
in plain weave and over a 4.2 mm diameter man-
drel. The weft (circumferential thread) was inserted

between a movable and a fixed set of tensioned warp
(longitudinal thread) and then manually tensioned.
The movable set of warp was then moved to cross
over the manually tensioned weft and the latter was
run again between the two sets of warp, and so on to
create the woven TEVG. TEVGs were produced to test
three levels for each of the 3 assembly variables tested.
Warp count (total number of longitudinal threads)
was the first variable tested because it is easily con-
trollable and, since these threads are the main com-
ponent of the vessel, has the highest potential of sig-
nificantly decreasing the amount of material used. It
was decreased from51, to 43 and 27 threads per vessel.
Weft diameter was then evaluated because it can also
be well controlled and was expected to most effect-
ively reduce the excessive burst strength of the ini-
tial vessel prototype (one of the key objectives of the
optimization). It was decreased from 5 mm to 4 and
then to 3 mm. In this manual process, thinner rib-
bons (⩽2 mm) are more difficult to handle without
occasional breakages and, hence, were not included
in this initial optimization study. Finally, weft tension
was tested because we hypothesized that this variable
could improve the compliance of the vessel (a prop-
erty often considered essential for long-term success).
Other assembly variables could be tested (e.g. warp
width, warp tension, etc) in further studies but are
technically more challenging to address. TEVGs were
removed from the mandrel once produced and fully
rehydrated before analysis.

2.6. Microcomputed tomography imaging
TEVGs were scanned with microcomputed tomo-
graphy (µCT) (V|tome|X—S model, General
Electric) at a 8 µm resolution (500 ms exposure,
100 kV, 100 µA). Images were used to measure wall
thickness, internal diameter and warp width with
ImageJ software (National Institute of Health, USA).
The lumen surface waviness was measured using a
3D reconstruction of the TEVGs done with ImageJ
(1800 cross sections). Briefly, 4 orthogonal longitud-
inal sections of each TEVG were extracted from the
3D reconstructions. To evaluate the waviness of the
luminal surface, the length and height of each ‘wave’
within each longitudinal section was manually meas-
ured and all values were averaged. Hence, the mean
wave length (WL) and the mean wave height (Wh)
were reported for each TEVG. The aspect ratio (AR)
was determined as the ratio of the mean height over
the mean length.

2.7. Transmural permeability
Water permeability testing was adapted from
ISO standards (ISO 7198:2016). TEVGs (n = 3)
were cannulated and pressurized with water at
120 mmHg. The water leaking through the graft
material during each of three 1 min trials was col-
lected and transmural permeability was expressed as
ml·min−1·cm2.
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2.8. Compliance measurements
Compliance testing was adapted from ISO standards
(ISO 7198:2016). TEVGswere cannulated and cannu-
las were connected to a jig where the distance between
the cannulas was fixed at the unpressurized length of
the graft. The system was submerged in water and
pressurized over the 80–120 mmHg pressure range
three times. High resolution digital images (1.4 µm
resolution) were recorded to measure the external
diameter. The inside diameter and wall thickness of
the TEVG at rest were obtained from µCT images.
Assuming an incompressible wall, compliance (in
%/100 mmHg) was calculated as follows:

%compliance /100 mmHg =

Rip2−Rip1

Rpi

p2 − p1
× 104

where:
p1 = 80 mmHg,
p2 = 120 mmHg,
Ripx = internal radius at pressure x

2.9. Suture retention testing
Suture retention was performed following ISO stand-
ards (ISO 7198:2016) as previously described [33].
Suture retention strength was measured with loop of
6/0 polypropylene suture (SMI) traversing the wall at
2 mm from one extremity of the TEVG and pulled
at a steady rate of 150 mm min−1 with a uniaxial
tensile testing device until failure (100 N load cell,
Shimadzu Autograph AGS-X series). The maximum
force applied was recorded digitally by the software
TrapeziumX (Shimadzu). Both extremities of each
TEVG were tested.

2.10. Burst pressure measurements
Burst pressure was performed following ISO stand-
ards (ISO 7198:2016). The test was done as previously
described with some modifications [33]. A thin latex
balloonwas used in the TEVG to avoid leakage at high
pressure. TEVGs were cannulated and slowly pres-
surized with nitrogen until failure. A digital pressure
gauge LEO5 (Keller) with its data acquisition system
(Kolibri Desktop, Keller) and a computer were used
to record the pressure at a sampling rate of 10 Hz. All
ruptures occurred away from the connection to the
cannulas. The pressure needed to dilate the balloon to
a diameter larger than that of the TEVG (100 mmHg)
was negligible compared to the burst pressure.

2.11. Computational fluid dynamics (CFD)
The computed tomography scans of the TEVGs were
processed with the open source software MeshLab
(www.meshlab.net/) where only the inner surface of
the TEVG (lumen) was kept. ANSYS SpaceClaim
(ANSYS, Inc.) was used to fill the lumen and thus cre-
ate the inner volume. The fluid volume was then dis-
cretized using the ANSYSMeshing tool. The inlet face
was set as a velocity inlet with a constant velocity of

0.168 m s−1. The outlet face was set as a pressure out-
let with a gauge pressure of 100 mmHg. The density
of the blood was set as 1060 kg m−3, while TEVGwall
was set as rigid and static.

The wall shear stress (WSS) was described by:

τw = µ

(
∂u

∂y

)
y=0

(1)

where µ represents the viscosity of the fluid, u the
velocity parallel to the wall and y the perpendicular
distance to the wall. The incompressible continuity
and momentum equations were given according to:

∇u⃗= 0 (2)

ρ
∂u⃗

∂t
+ ρu⃗ ·∇u⃗=−∇p+∇·

−→
τ⃗ + F⃗. (3)

The Quemada viscosity model was used to create
a user-defined viscosity in the fluid solver of the com-
mercial software Ansys Fluent (ANSYS, Inc.) [34].
The viscosity µ was expressed as:

µ= µ0 (1− 0.5Hct · kQ)−2 (4)

where µ0 = 0.001 67 Pa·S and the hematocrit level is
Hct= 0.45. The influence of the local shear rate γ̇ and
the critical shear rate γ̇c = 5 S−1 was modeled using
the intrinsic viscosity [34]:

kQ =
k0 + k∞(γ̇/γ̇c)

0.5

1+(γ̇/γ̇c)
0.5 (5)

where k∞ = 1.5 and k0 = 4 are the values for infin-
itely large and vanishing shear rate, respectively.

Ansys Fluent (ANSYS, Inc.) was used to solve the
fluid flow equations and compute WSS through the
TEVGs.

2.12. Statistical analysis
All statistical analyses were performedwithGraphPad
Prism, Version 8 (GraphPad Software Inc.). Data are
presented as mean ± standard deviation (SD). The
normality of the data distribution was checked with
a Shapiro–Wilk test. Differences between groups were
determined using unpaired t-tests (two tailed) or one-
way ANOVA tests with Tukey’s multiple comparison
test, as specified in the result section. Differences were
considered significant for p< 0.05.

3. Results

3.1. TEVG fabrication
Figure 1 illustrates the steps involved in TEVG
production. Thawed CAM sheets (figure 1(a)) are
used to produce warp and weft threads. Warp
threads are made from 5 mm wide ribbons of
CAM (figures 1(b)–(d)). Weft threads are produced
from two long ribbons of CAM twisted together
(figures 1(e)–(g)). Two ribbons are used to produce
theweft so the thread can better resist weekly repeated
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Figure 1. Production of a woven TEVG. (a) Cell-assembled extracellular matrix (CAM) sheets were cut to produce two different
types of threads. (b)–(d) The warp was made up of group of 5 mm wide ribbons cut along the long axis of the sheet. Once cut, the
ribbons folded onto themselves and looked like threads. (e)–(g) The weft was made from 2 long ribbons cut in a spiral pattern in a
CAM sheet that was dried over a plastic sheet. The ribbons (1.5 m) were twisted together (5 rev/cm) to form one cohesive and
elastic thread. (h) The warp is tensioned in the longitudinal axis, and around, a 4.2 mmmandrel in a custom-made circular loom.
The weft will be repeatedly passed between the two sets of warp ribbons to form a plain weave as described previously [29].

punctures in a hemodialysis context. The twisting
aims to produce an elastic thread.

The weft is repeatedly slipped between a movable
and a fixed set of tensioned warp threads to produce a
vascular graft with a homogeneous wall (figure 1(h)).
Modified weaving parameters were warp count (the
total number of longitudinal ribbons), weft ribbons
width (width of the 2 ribbons used to produce the
weft thread) and weft tension used during TEVG
weaving.

3.2. Effect of CAM sheet strength
In order to reduce the supraphysiological strength,
and associated stiffness, of our first generation of
woven TEVGs, we first investigated the effect of CAM
sheet strength. The structural and mechanical prop-
erties of TEVGs produced from either stronger or
weaker CAM sheets are presented in figure 2. Our
group previously showed that the strength of CAM
sheets can be adjusted with the time of culture dur-
ing production [29, 31]. Here, we produced TEVGs
from CAM sheets batches with either a perforation
strength of 1162± 194 gram-force, referred as ‘Strong
sheets’, or a perforation strength of 485 ± 93 gram-
force, referred as ‘Weak sheets’ (figures 2(a)–(c)). A
lower perforation strength was associated with thin-
ner CAM sheets, which produced weft threads with
a smaller diameter (figures 2(d) and (e)). As anti-
cipated, when comparing the TEVGs produced from
either stronger or weaker CAM sheets, a 22%decrease
in weft thread diameter led to a similar increase in
weft density (19%) (figure 2(f)). As expected, the 40%
decrease in weft thread volume resulted in a consider-
able decrease of 32% in the burst pressure of TEVGs
while internal diameter was kept constant, which is

consistent with the loss of strength in the weaker
CAM sheets (figure 2(g), suppl. figure 1(a)). More
surprisingly, the decrease in wall thickness between
TEVGs from stronger and weaker CAM sheets was
limited to 10% (suppl. figure 1(b)).

The suture retention strength as well as the per-
meability of TEVGs were not significantly influenced
by the strength of the CAM sheets (figures 2(h) and
(i)). Altogether, these results demonstrated that using
weaker CAM sheets allowed us to produce signific-
antly less strong TEVGs while keeping high suture
retention strength and low permeability. Therefore,
the weaker CAM sheets were used for the rest of the
studies on the modification of weaving parameters.
Although we were able to reduce the supraphysiolo-
gical strength of our TEVG by lowering the strength
of ourmaterial, our substitute remained thick, poorly
flexible, and still had a very wavy luminal surface
(suppl. figure 1(c)). Therefore, we varied weaving
parameters to further optimize our woven graft.

3.3. Effect of warp count
We first investigated the effect of decreasing the num-
ber of longitudinal threads (warp). The structural
properties of TEVGs woven with warp counts of 51,
43 and 27 are presented in figure 3. Bothmacroscopic
images and 3D reconstruction from µCT images of
our grafts were used for analysis (figures 3(a) and
(b)). A decrease in warp count gave more room for
the ribbons to spread out in the circumferential dir-
ection and even allowed the weft to become vis-
ible (figures 3(c) and (d)). Quantification showed
the expected decrease in circumferential warp dens-
ity and an increase in warp ribbon width (figures 3(e)
and (f)). When comparing the denser and looser
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Figure 2. Structural and mechanical properties of TEVGs produced from CAM sheets with different strengths. (a) Macroscopic
view of a CAM sheet. (b), (c) Representative transversal views from 3D reconstructions of TEVGs (µCT) produced from either
stronger or weaker CAM sheets (t: wall thickness). (d) Thickness of CAM sheets as a function of their strength. (e) Weft thread
diameter and (f) weft density in the woven TEVGs as a function of the strength of the CAM sheets. (g) Burst pressure of TEVGs
produced from weaker CAM sheets decreased in comparison to the ones produced from stronger CAM sheets, while (h) suture
retention strength (n= 6) and (i) transmural permeability were unchanged. The red dots lines represent the burst pressure
(2480 mmHg) and the suture retention strength (1.8 N) of the human saphenous vein [35], and the maximal permeability
(50 ml·min−1·cm−2) recommended for implantability [36], respectively. Results are expressed as mean± SD, n= 3. ∗ denotes
p< 0.05 (unpaired t test and Shapiro–Wilk test).

designs, a 47% decrease in warp count led to a 28%
decrease in warp density and a 36% increase in rib-
bon width. As expected, the more flattened warp
observed with lower warp counts produced thinner
walls (figures 3(g)–(i)). Lowering the warp count had
the unexpected effect of reducing the vessel diameter
(figures 3(g), (h) and (j)). Indeed, once removed from
the 4.2 mm-mandrel of the loom and fully hydrated,
the TEVGs with the lowest warp count significantly
contracted. This contraction is the result of the ten-
sion that is applied to the weft during the weaving
process: with more space between the warp ribbons,
the stretched weft was able to pull them back together
to a certain degree once removed from the mandrel.

The key mechanical properties of the TEVGs
woven with different warp counts are presented in
figure 4.

Burst pressure is an important indicator of graft
implantability and reaching sufficient values in com-
pletely biological grafts has been a challenge for many
approaches. Failure was always observed at pres-
sures that exceeded that of human saphenous veins
(2480 mmHg), a conduit routinely used for revascu-
larization surgeries. The burst did not occur at a spe-
cific location of the TEVG, which demonstrated the
homogeneity of the weaving (figures 4(a)–(c)). No
significant differences in burst pressurewere observed
between the groups (figure 4(c)). This is consistent
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Figure 3. Structural properties of TEVGs woven with different warp counts. (a) Macroscopic side view of the graft and (b) its 3D
reconstruction made from µCT images (warp count= 27). (c), (d) Closer views of the TEVG outer surface comparing 51 and 27
warp count designs. Double headed arrows point out the change in warp ribbon width and orange arrow shows the exposed weft.
(e), (f) Lowering warp count led to a measurable decrease in circumferential warp density and increase in warp ribbon width. (g),
(h) Representative transversal views from µCT 3D reconstructions of TEVGs woven with either 51 or 27 warp counts (t: wall
thickness; ID: internal diameter). (i) Wall thickness but also (j) internal diameter were significantly decreased with lower warp
counts. Results are expressed as mean± SD, n= 3. ∗, ∗∗, ∗∗∗ and ∗∗∗∗ denotes p< 0.05, 0.01, 0.001 and 0.0001 respectively
(one-way ANOVA and Tukey’s multiple comparisons test).

with the fact that all groups had similar weft dens-
ity (number of weft threads per centimeter in length)
since circumferential stress is the cause of failure in
burst tests (suppl. figure 2). No significant differences
between the three graft designs were seen when look-
ing at two other implantability-related properties:
suture retention strength and transmural permeabil-
ity (figures 4(d) and (e)). Finally, a non-statistically
significant upward trend was also noted when meas-
uring graft compliance, a property linked to long-
termperformance (suppl. figure 3).Overall, these res-
ults showed that lowering the warp count from 51
to 27 produced thinner-walled grafts while reducing
material requirements by almost half and keeping
implantability properties unchanged. Consequently,
a warp count of 27 was used for the rest of the studies.

3.4. Effect of weft ribbons width
In addition to reducing the supraphysiologic strength
of the vessels to bring it closer to that of native vessels,
one of the objectives of this study was to lower wall
thickness to make TEVGs more flexible and usable.

We hypothesized both objectives could be achieved
by reducing the amount of material in the weft,
which supports most of the stress since circumferen-
tial stress in a tube is twice that of the longitudinal
one. Hence, we produced TEVGs woven with a weft
made from ribbons of narrower width: from 5 down
to 4, and to 3 mm. As expected, using two 3 mmwide
ribbons twisted together resulted in aweft threadwith
a significantly smaller diameter (figures 5(a) and (b)),
which in turn resulted in TEVGs with a significantly
higher weft density (≈40% increase from 5 to 3 mm)
(figure 5(c)).

Moreover, this resulted in TEVGs with thinner
walls, as seen on the cross sections of 3D recon-
struction from µCT (figures 5(d)–(f)). However, an
unforeseen effect of using a thinner weft thread was
that the internal diameter of TEVGs woven increased
slightly, but statistically significantly, when using a
thinner thread (figures 5(d), (e) and (g)). This phe-
nomenon is likely due to the fact that less tension
was put in the weft when weaving with the more fra-
gile thinner threads. This produced a fabric with less

7



Biofabrication 16 (2024) 015015 G Roudier et al

Figure 4.Mechanical properties of TEVGs woven with different warp counts. (a) Macroscopic view of a TEVG lined with a blue
balloon pre-burst pressure test and (b) post-test. (c) Burst pressure, (d) suture retention strength (n= 6) and (e) transmural
permeability of the TEVGs woven with a different number of warp threads. The red dots lines represent the burst pressure
(2480 mmHg) and the suture retention strength (1.8 N) of the human saphenous vein [35], and the maximal permeability
(50 ml·min−1·cm−2) recommended for implantability [36], respectively. Results are expressed as mean± SD, n= 3 unless
otherwise stated (one-way ANOVA and Tukey’s multiple comparisons test).

internal tension, which did not contract asmuch once
removed from the mandrel of the loom.

Somewhat surprisingly, despite using a weft
thread that contained 40% less material, the
implantability-related properties of the TEVGs did
not change significantly (figure 6). This loss in mater-
ial may have been compensated by the 40% increase
in weft density previously shown. Suture retention
strength tended to decrease with lower weft rib-
bons width (≈17% decrease from 5 to 3 mm), but
it remained far above the suture retention strength
of the human saphenous vein, a conduit commonly
used in vascular surgery (figures 6(a)–(d)). Similarly,
no significant differences in burst pressure and trans-
mural permeability were observed between the dif-
ferent groups (figures 6(e) and (f)). The compliance
tended to slightly increase when lowering weft rib-
bons width from 4 to 3 mm, although no signi-
ficant differences were observed (suppl. figure 4).
Taken together, these results showed that lowering
the weft ribbons width from 5 to 3 mm reduced

wall thickness and improved flexibility of the TEVGs,
while keeping sufficiently strong implantability prop-
erties. Consequently, weft threads made of two 3 mm
wide ribbons were used for the rest of the studies.

3.5. Effect of weft tension
The observation that some TEVGs contracted once
removed from the weaving mandrel (figures 3(j)
and 5(g)) led us to hypothesize that we were losing
the potential elasticity of the twisted weft ribbon by
completely pretensioning it during the weaving pro-
cess. Since one of the objectives of this study was
to improve TEVG compliance, we tested the effect
of manually applying different tension levels during
weaving. TEVGs were woven either loosely (‘low’ ten-
sion), as tightly as possible (‘high’), or at an interme-
diary level (‘medium’).

When looking at the radial cross section of TEVGs
woven with a high or a low tension in the weft
(figures 7(a) and (b)), we can observe that a low
tension during weaving significantly increased the
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Figure 5. Influence of weft ribbons width on thread diameter and structural properties of woven TEVGs. (a) Close view of the
thread used for the weft (two 5 mm wide ribbons twisted together at 5 rev/cm). (b) Weft thread diameter and (c) weft density in
the woven TEVGs as a function of the width of the ribbons used. (d), (e) Representative cross sections of µCT 3D reconstructions
of TEVGs woven with a weft made from two 5 mm wide ribbons and two 3 mm wide ribbons, respectively (t: wall thickness; ID:
internal diameter). (f) Wall thickness and (g) internal diameter of TEVGs woven with weft of different thickness. Results are
expressed as mean± SD, n= 3. ∗ denotes p< 0.05 (one-way ANOVA and Tukey’s multiple comparisons test).

Figure 6.Mechanical properties of TEVGs woven with different weft ribbons width. (a) A single stich of 6/0 surgical suture is
placed at the end of the TEVG to test the suture retention strength. (b) The suture is pulled at a constant rate until (c) failure of
the weft. (d) Suture retention strength (n= 6), (e) burst pressure and (f) transmural permeability of the TEVGs woven with
different weft ribbons width. The red dots lines represent the suture retention strength (1.8 N) and the burst pressure
(2480 mmHg) of the human saphenous vein [35], and the maximal permeability (50 ml·min−1·cm−2) recommended for
implantability [36], respectively. Results are expressed as mean± SD, n= 3 unless otherwise stated (one-way ANOVA and
Tukey’s multiple comparisons test).
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Figure 7. Influence of weft tension on the structural and mechanical properties of woven TEVGs. (a), (b) Transversal cut of 3D
reconstructed woven TEVGs with (a) high tension and (b) low tension in the weft (ID: internal diameter). (c) Internal diameter
and (d) warp density were significantly influenced by the tension applied to the weft. (e) Compliance and (f), (g) transmural
permeability were significantly increased by a lower tension in the weft. The red dots line represents the maximal permeability
(50 ml·min−1·cm−2) recommended for implantability [36]. Results are expressed as mean± SD, n= 3. ∗ and ∗∗ denotes
p< 0.05 and 0.01, respectively (one-way ANOVA and Tukey’s multiple comparisons test).

internal diameter in comparison to a high tension
(4.2 ± 0.1 mm and 3.7 ± 0.2 mm, respectively) and
decreased warp density by 9% (figures 7(c) and (d)).
The fact that compliance was significantly increased
with a lower tension, from 2.9% to 4.8%/100mmHg,
supports our hypothesis (figure 7(e)). Whereas the
internal diameter only increased by 13%, the compli-
ance increased by 66%. This difference in variation
supports the idea that this increase in compliance is
not primarily due to the increase in diameter. As anti-
cipated, the permeability was significantly increased

in the less tightly woven TEVGs in comparison to
the other groups (figures 7(f) and (g)). However, the
value (24 ± 8 ml·min−1·cm−2) remains way below
50ml·min−1·cm−2, which is a threshold often recom-
mended for clinical applicability [36]. Wall thickness,
burst pressure and suture retention strength were not
significantly changed (suppl. figures 5(a)–(c)). After
this optimization process, the new TEVG displayed
mechanical properties that were lower than those
of the first prototype, and closer to those of native
blood vessels, which are the gold standard for vascular
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Table 1.Mechanical properties of optimized woven TEVG compared to native blood vessels and biological TEVGs.

TEVG
Burst pressure
(mmHg)

Suture retention
Strength (N)

Transmural
permeability
(ml min−1 cm−2)

Compliance
(%/100 mmHg)

1st prototype ovine
TEVG

5337± 851
n= 3

5.5± 1.1
n= 6

4.3± 2.3
n= 3

1.3± 0.8
n= 3

Optimized ovine
TEVG

3492± 307
n= 3 (p< 0.05)a

4.8± 1
n= 6 (p> 0.05)a

24.4± 8
n= 3 (p< 0.05)a

4.8± 0.6
n= 3 (p< 0.01)a

Human internal
mammary artery [33]

3196± 1264
n= 16

1.38± 0.50
n= 6

N/A 11.5± 3.9
n= 7

Human saphenous
vein [35, 37]

2480± 470
n= 10

1.8± 0.3
n= 10

N/A 1.5± 0.4
n not specified

TEVGs produced by
Niklason et al [13].

2914± 928
n= 5

2.10± 0.53
n= 109

N/A –

TEVGs produced by
Tranquillo et al [11].

3164± 325
n= 6

1.99± 0.56
n= 6

N/A –

a Indicates comparison with the 1st prototype ovine TEVG. ‘-’ Indicates that data that were not reported. ‘N/A’ indicates that

measurements were not applicable.

Figure 8. Effect of warp count and weft ribbons width on the luminal surface waviness of woven TEVGs. (a) Longitudinal section
of a µCT 3D reconstruction of a woven TEVG with (b) a higher magnification view of the waves on the luminal surface (WL:
length of the wave;Wh: height of the wave; AR: aspect ratio). (c) Longitudinal binary images of the walls of TEVGs woven with
weft made of two 5 mm wide or 3 mm wide ribbons twisted together. (d) Effect of the weft size on the waviness of the luminal
surface (warp count: 27). (e) Effect of the warp count on the waviness of the luminal surface (weft: 5 mm wide ribbons). Results
are expressed as mean± SD, n= 3. ∗ p< 0.05 (one-way ANOVA and Tukey’s multiple comparisons test).

reconstruction (table 1). Moreover, a greater flexibil-
ity of the TEVG was noticeable when handling it.

3.6. Lumen surface waviness
Since we aimed to produce a vascular graft with
a surface that would minimize blood flow disturb-
ance, the effects of weaving parameters on the surface

waviness were of particular interest. Longitudinal
cross sections of the walls of the TEVGs show the sur-
face profile of the luminal surface (figure 8(a)). We
quantified the waviness of our samples by measuring
themean length and height of the waves (figure 8(b)).
We used the aspect ratio (height over length) to
quantify the steepness of the wave. When we used
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Figure 9. Effect of luminal surface waviness of woven TEVGs on wall shear stress (WSS) simulation. (a), (b) CFD simulation of
WSS distribution in representative 3D reconstructions of woven TEVGs made from (a) the first design and (b) the optimized
design. (c) Frequency of WSS values in TEVGs made according to the initial or optimized design. The green hashed zone
represents the difference in WSS frequency in the range of normal WSS (0.5–3 Pa); the red hashed zones represent the difference
in WSS frequency in the range of low (<0.5 Pa) and high WSS (>3 Pa). (d) Cumulative frequency of WSS values over low,
normal, and high WSS ranges for both models.

a thinner weft ribbon, we saw that we produced a
thinner wall with a higher weft density (figures 5(c)
and (f)). In figure 8(c), we can visualize these effects.
Quantification of the waviness revealed that using a
thinner weft also reduced the length and the height,
but not the aspect ratio, of the waves (figure 8(d)).
However, we can see that using a lower warp count
reduced the height and the aspect ratio, but not the
length, of the waves (figure 8(e)). Neither the strength
of CAM sheets nor weft tension had a significant
effect of the waviness of woven TEVGs (suppl. figure
1(c) and suppl. figure 6).

3.7. CFD simulations of blood flow
Next, we wanted to evaluate the effect of changes in
weaving design on WSS. Representative CFD mod-
els were made from µCT images of the TEVGs from
our initial weaving design (warp count: 51, weft size:
2 × 5 mm wide ribbons, weft tension: high) and
from grafts with the optimized weaving design (warp
count: 27, weft size: 2 × 3 mm wide ribbons, weft
tension: low) to simulate blood flow within the grafts
(figures 9(a) and (b)). These models predicted that
peak shear stress will be generated at the top of the
waves with much lower WSS in the valleys between
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Figure 10. Overview of the effect of weaving parameters on the TEVG properties.

the weft threads. These models also indicated that the
optimized design will generate lower peak shear stress
as well as a more homogenous WSS. Quantification
of WSS value frequencies confirmed these observa-
tions as it revealed that intermediate values weremore
common on the optimized surface while extreme val-
ues were rarer (figure 9(c)). Cumulative frequencies
of WSS values were calculated over three ranges: low
(<0.5 Pa), normal (0.5–3 Pa) and high (>3 Pa) WSS
(figure 9(d)). The results showed higher frequency
over the normal WSS range for the TEVG with the
optimized design, with a frequency reduction of 19%
and 8% in the high and low WSS ranges respectively.

3.8. Overview of the effect of weaving parameters
on TEVG properties
Figure 10 summarizes what was learned about the
effect of weaving parameters on the TEVG properties.

3.9. Effect of the decellularization process
In this study, all experiments were performed with
‘devitalized’ CAM (see method section). While pre-
vious data suggest that allogeneic ‘devitalized’ CAM
will be well-tolerated, we wanted to study the effect
of the decellularization process on the mechan-
ical properties of woven TEVGs in case this type
of popular ECM treatment would become relevant
[32, 38]. Figure 11 shows the comparison between
the properties of woven TEVGs from devitalized
or decellularized CAM sheets. DAPI staining and
DNA quantification confirmed the effectiveness of
the decellularization process of the CAM sheets
(figures 11(a)–(c)). DNA content was reduced by
97% to 86 ± 34 ng mg−1 dry CAM. Uniaxial tensile

test results showed that decellularized ribbons had a
slightly lower force at failure (−13%) than devital-
ized ribbons (figure 11(d)). The weft threads made
from decellularized ribbons had a significantly smal-
ler diameter than weft threads made from devitalized
ribbons (figure 11(e)), which, consistent with earlier
results (figure 8(d)), produced a significant decrease
in surface waviness (suppl. figure 7(a)). The weave of
devitalized TEVGs had visibly wider warp thread and
appeared to have a less dense weft than decellularized
grafts (figures 11(f) and (g), respectively). This obser-
vation was confirmed by a 62% increase in weft dens-
ity (figure 11(h)) and a more modest, but significant,
decrease in warp density of 10% (figure 11(i)) when
TEVGs were decellularized. Decellularized grafts also
had a slightly smaller internal diameter (7%) but a
much thinner (35%) wall (suppl. figures 7(b) and
(c)). The most important difference between devital-
ized and decellularized TEVGs was the much higher
transmural permeability (288%) of decellularized
TEVGs (figure 9(j)). Decellularized TEVGs had a sig-
nificant higher burst pressure (96%) but unchanged
suture retention strength compared to devitalized
TEVGs (figures 11(k) and (l)). Finally, consistent
with the increased burst pressure, the decellular-
ized TEVGs had a significantly lower compliance
(figure 11(m)).

4. Discussion

Mechanical mismatch between a vascular graft and
the host artery is considered as an important cause
of intimal hyperplasia, which is a major cause of graft
failure [21, 23–26, 39]. Our group recently published
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Figure 11. Decellularization of CAM sheets and mechanical properties of woven TEVGs. (a), (b) DAPI staining of (a) devitalized
and (b) decellularized CAM sheets, confirmed by (c) DNA quantification. (d) Force at failure of devitalized and decellularized
threads (n= 6, one representative experiment out of three). (e) Weft thread diameter as a function of devitalization or
decellularization. Weaving with either (f) devitalized or (g) decellularized threads produced a homogenous wall, although (h)
weft density was significantly higher in TEVGs from decellularized CAM, as shown by brackets of equal length. The blue arrows
show a warp thread whereas the yellows arrows show the weft in both TEVGs. Devit: devitalized, Decell: decellularized. (i) Warp
density was slightly but significantly decreased in decellularized TEVGs. (j) A much higher permeability was observed in
decellularized TEVGs. (k) Burst pressure of decellularized TEVGs increased in comparison to devitalized ones, while (l) suture
retention strength (n= 6) was unchanged. (m) A much higher compliance was observed in TEVGs woven with devitalized
threads. The red dots lines in (j), (k) and l represent the maximal permeability (50 ml·min−1·cm−2) recommended for
implantability [36], the burst pressure (2480 mmHg) and suture retention strength (1.8 N) of the human saphenous vein [35],
respectively. Results are expressed as mean± SD, n= 3 unless otherwise stated. ∗, ∗∗ and ∗∗∗ denotes p< 0.05, 0.01 and 0.005,
respectively (unpaired t test and Shapiro–Wilk test).

two studies in which TEVGs were woven either from
CAMor human amnioticmembrane threads [29, 40].
Both grafts displayed burst pressure, suture retention
strength, and transmural permeability that would
support implantation, but would create a mechan-
ical mismatch with native blood vessels. In the amni-
otic membrane study, high transmural permeability
was reduced by using wider threads [40]. In the cur-
rent study, we took advantage of the versatility of tex-
tile assembly to better understand how to control the
overall properties of our woven CAM-based TEVG.
We investigated the effects of CAM sheet strength
as well as the effects of three key weaving paramet-
ers: warp counts, weft width and weft tension during
weaving. The optimized woven TEVGs with weaker
CAM sheets displayed a burst pressure and a com-
pliance closer to native blood vessels, while still hav-
ing high suture retention strength and low transmural
permeability. In addition, this design required only
half the material originally needed. They had thin-
ner walls, which would make them more convenient

for clinical use because of their increased flexibility
and easier suturability. Moreover, the lumen surface
waviness was decreased to reduce high WSS regions.
Finally, we demonstrated the feasibility of producing
decellularized woven TEVGs with mechanical prop-
erties suitable for implantation, although the decel-
lularization process significantly changed the overall
properties of the woven substitutes.

Burst pressure, and more generally mechanical
strength, is an essential property for the implanta-
tion of a vascular graft. The burst pressure of the
human saphenous vein (≈2500mmHg) is often taken
as the minimum required burst pressure for vascu-
lar substitute development [35]. Surprisingly, excess-
ive burst pressure values are not discussed in TEVGs
studies, despite the fact that high burst pressure
should lead to mechanical mismatch [24, 25]. Our
first woven TEVGs safely withstood blood pressure
once implanted, but displayed a much higher burst
pressure than native blood vessels (>5000 mmHg)
[29]. In this work, we effectively reduced their burst
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pressure primarily by using CAM sheets with lower
puncture strength. As far as weaving parameters are
concerned, we did not expect the warp count to
influence burst pressure since this property depends
on circumferential stress, also known as the hoop
stress, which should be carried by the weft thread.
Nonetheless, we observed an increasing trend in burst
pressure (38%). This surprising result may be linked
to an unforeseen effect of decreasing the warp count.
Indeed, lowering the warp count allowed for an
increase compression of the warp in the circumferen-
tial direction, resulting in a smaller diameter (−23%)
despite using the same support mandrel. We hypo-
thesize that this decrease in diameter, which would
reduce the circumferential stress for a given pressure,
largely explains the trend of decreasing burst pressure.
However, we did expect to significantly decrease the
burst pressure by lowering weft ribbons width from
5mm to 3mm. But, since weft density concomitantly
increased, it compensated for the reduced weft rib-
bon width, and no significant change in burst pres-
sure was observed. Lastly, we did not expect to lower
the burst pressure by lowering weft tension. Although
the internal diameter increased with lower tension,
this changewasminor (14%) and resulted in no signi-
ficant changes in burst pressure. After optimizing all
the production parameters, TEVGs displayed a burst
pressure in the range of human small diameter arter-
ies (≈3500 mmHg) [33].

The transmural permeability of a vascular
substitute remains an important property and
50 ml·min−1·cm−2 is often suggested in the liter-
ature as a threshold [36]. The permeability of our
optimized woven TEVG was approximately half this
value. By decreasing warp count to 27 warp threads,
we decreased warp density from 3.6 to 2.6 threads per
mm(−28%),without any visible effect on transmural
permeability. However, when we reduced warp dens-
ity from 2.3 to 2.1 threads per mm (−9%) by redu-
cing tension in the weft thread, leakage was increased
by more than 24 folds. This indicates that transmural
permeability does not change progressively with warp
density but rather that there is a density threshold
below which it increases drastically.

Wall thickness has been shown to affect the in vivo
remodeling of vascular substitutes. Indeed, a wall
thickness closer to that of native blood vessel demon-
strated better compliance and kink resistance, and
led to the generation of a more native neotissue
[41, 42]. Moreover, thicker walls make the substitute
more challenging to handle and suture. Wall thick-
ness of biological TEVGs is usually measured in vitro
by analysis of histological images. Here, wall thick-
ness of woven TEVGs was measured with µCT, which
allowed us to image the TEVG without causing struc-
tural changes through dehydration and harsh chem-
ical treatments. In this study, we showed that by
mainly decreasing the warp count and weft ribbons
width, we reduced wall thickness of TEVGs by 38%,

from 1.12 mm down to 0.69 mm, which is similar to
that of the human coronary artery [43]. In the end,
we reduced the amount ofmaterial used by 60% com-
pared with the original design. With the new design,
we produced an optimized TEVG with thinner walls,
which is easier to handle and suture, while drastically
reducing production costs.

Although burst pressure, permeability and suture
retention strength are preconditions for the implant-
ation and short-term success of a TEVG, compli-
ance is of importance when it comes to mid- to
long-term patency [23, 25, 44]. In this study, des-
pite the fact that a decreasing warp count or weft rib-
bons width produced a slightly more flexible TEVG
with thinner walls, these changes only resulted in
a trend of decreasing in compliance. Woven struc-
tures are inherently less compliant than knitted ones,
but we chose that textile assembly method for its
ability to produce leakproof walls. Nonetheless, we
attempted to introduce elasticity in the circumferen-
tial direction of the graft by using a weft made from
two ribbons twisted together. However, we hypo-
thesized that the weft was prestretched when TEVG
were woven with a high tension, thus cancelling its
elasticity. While controlling tension in this thread
was challenging since these TEVGs were handmade
at this stage, we demonstrated that the compliance
of the TEVGs was significantly increased by lower-
ing weft tension. This is likely the result of preserving
the elasticity in the twisted thread. Alternatively, the
increase in compliance could be the result of the con-
comitant increase in internal diameter since prop-
erties are related. However, the internal diameter
increased by only 14%while the compliance increased
by 66%, suggesting that most of the change in com-
pliance was due to a lower tension in the weft. Our
final design produced a TEVG with a compliance
of 4.8%/100 mmHg. This value compares favorably
with the current gold standard conduits for vascular
repair as it exceeds the compliance of the saphenous
vein (1.5%/100 mmHg) and is closer, in comparison
to our first prototype, to that of the internal mam-
mary artery (11.5%/100 mmHg) [35, 37]. However,
an important limitation is that these were short-term
measurements that do not guaranty that this elastic
behavior will persist. While long-term in vitro studies
can be envisioned, their ability to predict in vivo res-
ults can also be limited considering that a biological
tissue-engineered graft is expected to be significantly
remodeled after implantation [17, 45–47].

Another intrinsic property of a woven TEVG is
a wavy luminal surface. Flow oscillations and WSS
are well-known for influencing cell behavior and
in vivo remodeling [48, 49]. In particular, low shear
stress zones have been correlated with the devel-
opment of intimal hyperplasia [50, 51]. Sho et al
showed that a low WSS (below 5 dynes cm−2)
increases intimal thickening [51]. To minimize the
surface profile of our TEVG, we decreased luminal
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waviness by lowering thewarp count andweft ribbons
width. Computational flow simulations predicted an
important reduction of low shear stress areas in
optimized TEVG compared to the initial design (from
11.2% to 2.5%). Additionally, simulations predicted
optimized TEVG to have less high shear stress regions
(superior to 30 dynes cm−2), which have been shown
to promote thrombosis through platelet activation
[52]. Overall, the waviness of the optimized TEVG is
predicted to promote a more physiological range of
WSS values, which may limit intimal hyperplasia by
promoting an antithrombotic endothelium [52–55].
However, it is important to note this numericalmodel
was simplified as it assumed a steady and laminar flow
and a non-pulsatile pressure. While this model did
not reproduce the complex turbulent flow observed
in hemodialysis access grafts, a general improvement
of flow conditions would be expected nonetheless.

Our strategy relies on the production of a non-
living, allogeneic, and off-the-shelf vascular graft. We
have favored devitalization instead of decellulariza-
tion because it is a simpler process that does not
have the potential to leave toxic residues nor to dena-
ture the extracellular matrix. We have shown that
devitalized CAM-based TEVGs (produced by a rolled
sheet approach) did not cause any clinically detect-
able immune response in the context of the successful
implantation of three allogeneic grafts [19]. In amore
recent study, in vivo remodeling and inflammatory
response of CAM threads have been investigated in
nude rats [32]. These animals, who have a functional
innate immune system, did not aggressively degrade
the CAM while they rapidly destroyed a clinically-
used denatured ECM. Instead, a slow remodeling
with verymild inflammationwas observed andmech-
anically sound CAM threads could even be explanted
after 6 months [32]. Taken together, these studies
showed that our material is well-accepted by the host
despite the presence of cellular debris. Nonetheless,
the active removal of these debris by decellular-
ization could improve the performance of CAM-
based products if some level of immune response
was to be detected in future studies. In this study,
we demonstrated that we can effectively decellular-
ize the CAM using a CHAPS-based protocol inspired
by the approach of the group of Niklason [56–58].
Decellularized CAM threads had no visible nuclei in
standard histology or after DAPI staining and con-
tained only 3% of the initial DNA. This is similar
to the results of Syedain et al who showed that, in
the case of a TEVG made by ovine fibroblasts cast
in a fibrin gel, a DNA content reduced by more than
90% after decellularization did not trigger allogeneic
lymphocyte activation [46]. While DNA content was
slightly above the often-cited threshold of 50 ngmg−1

dry ECM, it is good to remember that this value was
established as a ‘rule of thumb’ based on disparate
animal studies and should not be taken as a precise
nor predictive value for all applications [59].

Decellularization reduced the force at failure of
CAM threads by only 13%. Such small loss of mech-
anical strength after decellularization been reported
multiple times for various ECM-derived materials
[32, 56, 60, 61]. However, decellularization sub-
stantially reduced the volume of the weft thread
(44%). This is consistent with the reported removal
of important quantities of ECM components such
as glycosaminoglycans (GAGs) by detergent-based
decellularization [57, 62–65]. A consequence of using
a thinner CAM thread was that the weft density
increased in decellularized TEVGs, resulting in a con-
siderably higher burst pressure and lower compliance
when compared to devitalized grafts. Moreover, this
decrease in thread volume led to a reducedwarp dens-
ity, which resulted in much more permeable TEVGs.
These results demonstrate that producing a decel-
lularized CAM-based TEVG with clinically relevant
mechanical properties is possible, but further optim-
ization of the weaving design would be needed to
develop such a graft. However, these results also show
that decellularization drastically affects CAM proper-
ties, which suggests that the process can partly dena-
ture the ECM as reported by others [60, 64, 65]. For
now, we will continue to use devitalized CAM unless
convincing evidence suggest that this material causes
an immune reaction or if regulatory requirements
demand it.

Zhang et al is the only other group that pro-
duced a completely biological TEVG using a tex-
tile approach. Their strategy relied on the use of
chemically-extracted and crosslinked collagen in the
form of threads that were knitted in a tube [66].
They produced a graft with satisfactory burst pres-
sure but which was too porous. Therefore, they added
an electrospun outer shell of collagen nanofibers to
limit the transmural permeability inherent to knitted
fabrics. However, the fact that permeability was not
determined is somewhat surprising.Moreover, suture
retention strength of these grafts was too low for
implantation, with or without the added outer layer.
To overcome this lack of mechanical strength, they
had to resort to introducing biodegradable synthetic
polymer threads in their constructs [10].While theses
grafts displayed burst pressure and suture retention
strength appropriate for implantability, the chem-
ically modified collagen and the synthetic polymers
will have limited biological functions and will be
aggressively degraded by the host. Thus, this approach
will depend on the ability of the patient’s body to
regenerate rapidly a new blood vessel to avoid the
mechanical failure of the graft. One of the import-
ant challenges of such approaches is that the balance
between degradation, inflammation, and regenera-
tion can depend on patient age, health, and other
unknown factors. One of the advantages of the CAM-
based approach is that it provides a large window
for the host to achieve the needed remodeling of
the graft.
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5. Conclusion

In this study, we developed an optimized weav-
ing design to produce a completely biological and
ovine TEVG with improved structural and mechan-
ical properties in comparison to our first prototype.
By better understanding the relationship between
weaving parameters and graft properties, we have cre-
ated a knowledge base that will support the develop-
ment of woven TEVGs or other CAM-based textiles.
In particular, this toolbox could be used to adjust the
graft design in view of in vivo performance. The next
step will be to implant this optimized ovine TEVG as
an allogeneic arteriovenous shunt to study its remod-
eling and performance in a mechanical and immun-
ological context mimicking our clinical strategy.

Data availability statement

All data that support the findings of this study are
included within the article (and any supplementary
files).

Acknowledgments

This work was supported by the European Research
Council (Advanced Grant #785908). We thank
Grégory Hauss from Placamat for his technical help
and acquisitionswithµCT imaging.We also thank the
Heart rhythm disease institute of Bordeaux (Liryc)
for the collect of ovine skin biopsies obtained from
post-mortem sheep.

Conflict of interest

Authors declare that they have no competing financial
interests.

ORCID iDs
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