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Abstract

The search for novel, more compliant vascular grafts for the replacement of blood vessels is ongoing, and

predictive tools are needed to identify the most promising biomaterials. A simple analytical model was designed
that enables the calculation of the ratio between the ultimate stress (Gu) and the elastic modulus (E). To reach
both the compliance of small-diameter coronary arteries (0.0725 %/mmHg) and a burst pressure of 2031 mmHg,
a material with a minimum cu/E ratio of 1.78 is required. Based on this result and on data from the literature,

random electrospun Polyurethane/Polycaprolactone (PU/PCL) tubular scaffolds were fabricated and compared
to commercial ePTFE prostheses. PU/PCL grafts showed mechanical properties close to those of native arteries,
with a circumferential elastic modulus of 4.8 MPa and a compliance of 0.036 %/mmHg at physiological pressure
range (80-120 mmHg) for a 145 pm-thick prosthesis. In contrast, commercial expanded polytetrafluoroethylene

(ePTFE) grafts presented a high Young’s modulus (17.4 MPa) and poor compliance of 0.0034 %/mmHg. The
electrospun PU/PCL did not however reach the target values as its cui/E ratio was lower than expected, at 1.54,

well below the calculated threshold (1.78). The model tended to overestimate both the compliance and burst
pressure, with the differences between the analytical and experimental results ranging between 13 and 34 %,
depending on the pressure range tested. This can be explained by the anisotropy of random electrospun PU/PCL,
which did not present a perfectly linear elastic behavior, in contrast to the hypotheses of our model.
Impermeability tests showed that the electrospun scaffolds were impermeable to blood for all thicknesses above
50 um. In conclusion, this analytical model allows to select materials with suitable mechanical properties for
the design of small-diameter vascular grafts. The novel electrospun PU/PCL tubular scaffolds showed strongly

improved compliance as compared to commercial ePTFE prostheses.



1 Introduction

Medical challenges associated with small-diameter vascular grafts (VG, @ < 6 mm) are well known in the
cardiovascular field. Synthetic grafts are required when there are no autologous arteries or veins available for
the replacement of diseased blood vessels. Commercial vascular grafts made from polyethylene terephthalate
(PET) or expanded polytetrafluoroethylene (ePTFE) present favorable outcomes for large diameter arteries, but
are prone to failure when used for small-diameter vessels [1-3]. This is mainly due to the absence of adequate
endothelialisation on the lumen side of prostheses, as well as a mismatch of mechanical properties between
these latter and native arteries, which will cause thrombosis and intimal hyperplasia, respectively [4, 5]. These
complications could be mitigated by designing a graft with a material that matches the mechanical and structural
properties of the native tissue as closely as possible. Many attempts have therefore been made to design vascular
grafts with better compliance while maintaining a safe burst pressure [6]. Compliance is the capacity of the
prosthesis to expand in the circumferential direction in response to a pulsatile pressure [7], while the burst
pressure is the pressure that will cause the rupture of the prosthesis. The compliance of a human coronary artery
at the physiological pressure range is 0.0725 %/mmHg [8] and the burst pressure of a mammary artery is 2031
mmHg [9]. These should be the target values when designing small-diameter VG for coronary arteries
replacement. Although promising work has been performed in a bid to find new biomaterials, to the best of our
knowledge, current prostheses are either unable to reach such target values of native arteries [10] or are difficult
to assess, since the compliance and burst pressure are not specified or the materials have been validated using
target values based on saphenous veins [11] or pork arteries [12, 13] instead of the genuine artery that is meant

to be replaced.

In addition to the previous parameters, the wall thickness is a critical element in any VG design. It plays a key
role in the compliance and burst pressure strength obtained. Indeed, attempts to reduce the wall thickness in
order to increase compliance to the target values of native arteries [10, 14] can lead to reduced burst pressure,
which may then be insufficient. The wall thickness also has an influence on blood permeability and graft
handling by surgeons during implantations. Thus, obtaining an adequate balance between all mechanical
properties and geometrical parameters, especially blood permeability, burst pressure and compliance, can be

challenging when choosing the thickness of the prosthesis. In order to develop an approach that avoids trial and



error, there is a need for a versatile mathematical model that helps narrow the choice of material and optimize

the geometry.

Electrospun mats are particularly interesting for such biomedical applications as human tissues are characterized
by nanometric fibrous structures. Hence, electrospun fibers have shown their ability to mimic the morphology
of biological systems [15, 16]. Moreover, the fiber diameter and porosity can be adjusted to promote cell
interaction, favor cell invasion (or rather, limit cell penetration), for example, to form an endothelial monolayer

on the lumen surface [17, 18].

The goal of this study was to develop an analytical model to serve as an easy tool to select materials for small-
diameter VG design for the replacement of coronary arteries; this selection would be based on the prediction of
the materials’ compliance and burst pressure determined from the mechanical properties obtained from uniaxial
tensile tests. The second aim of this work was to choose a proper material based on this model, fabricate
electrospun tubular scaffolds, and then compare their in vitro performances with that of the commercial ePTFE

prosthesis.

2 Materials and Methods

2.1 Analytical Model

The analytical model was created on Matlab® using the analytical formulas of an internally pressurised cylinder
to calculate compliance and burst pressure [ 14, 19]. The formulas for thick cylinders were chosen instead of the
easier thin cylinder model. With the latter being a simplification only suitable when the radius divided by the
thickness gives a result of 10 or more [14], the more complete model was used to allow a wider range of

prosthesis thicknesses in the analysis.

The intrinsic material properties entered in the model were the Poisson’s ratio (v) and the Young’s modulus (E).
Therefore, this model could be used for an isotropic material in the elastic region of its mechanical properties.

The geometric parameters in the model were the internal radius (Ri) and the thickness (t) of the cylinder wall.



The external radius (Re) was calculated from “Ri” and “t” at rest (no internal pressure). The length of the

cylinder was fixed, and its value didn’t influence the results as this wasn’t a variable in the calculations.

A pressure difference (dP) is applied uniformly inside the cylinder, and induces circumferential and radial
stresses, respectively oc and or. It also creates a longitudinal stress o since the length is fixed. These three
stresses are illustrated in Figure 1. The effective von Mises stress . and the radial displacements are then
calculated based on the preceding. The stresses and displacement can be obtained at any point in the thickness,

according to equations 1-4 [14]:

RZ*dP R2 .
Or = *(1—-—— Equation 1
R Rg—RiZ ( Rlz) q
RZ*dP RZ .
Oc =2 * a1+ ﬁ) Equation 2
e v 15
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Figure 1 - Schematic illustration of stresses involved in the model calculation. 6c, or and or represents
respectively the circumferential stress, the radial stress and the longitudinal stress inside the cylinder with a
fixed length and a uniformly applied internal pressure. The wall thickness t represents the difference between
the external radius Re and the internal radius Ri.

(Single-column fitting image)



The compliance (C) is calculated following Equation 5, where dRi is the difference between the internal radius
at the highest and the lowest pressures. The variation of internal pressure is always 40 mmHg. The compliance

is expressed in %/mmHg.

C = dR;

= Rpedp * 100 Equation 5

The model is also used to calculate the stress at burst pressure by changing the internal pressure to the target
value of 2031 mmHg. The script was used with known material parameters (v and E) and the thickness of the
wall was iterated until the target compliance was reached. The stress at burst pressure was calculated from that
thickness. This stress value represents the minimum ultimate stress (cu) a material needs to be able to reach the
target burst pressure. Each value of modulus was then associated with this stress value. Calculations were done

for vascular grafts ranging from 3 to 6 mm in diameter.

2.2 Fabrication of Tubular Scaffolds

2.2.1 Materials

Thin wall ePTFE prostheses (Gore-Tex®, W. L. Gore & Associates, Flagstaff, U.S.A) were selected for their
prevalence on the VG market. Polyurethane (PU, MDI-polyester/polyether polyurethane, CAS 68084-39-9),
polycaprolactone (PCL, Mn = 80 000) and polyethylene oxide (PEO, viscosity average molecular weight Mv =
600 000) were purchased from Sigma-Aldrich Canada Co., as well as the chemicals, tetrahydrofuran (THF) and

N,N-Dimethylformamide (DMF).

2.2.2  Electrospinning

PU/PCL (8 wt%) solutions were prepared by dissolving pellets consisting of 90 % PU/10 % PCL (w/w) ina 1:1
mix of THF and DMF. PU/PCL tubular scaffolds were produced on a 6-mm-diameter rotating mandrel using a
homemade electrospinning setup. Table 1 presents the details of the electrospinning parameters for each
solution. Parameters for the electrospinning of PU/PCL tubular scaffolds were optimized in order to obtain a

similar morphology as PET mats previously developed by our team to limit EC invasion and reach a monolayer



of EC cells [17]. To facilitate unmolding of the prosthesis, a layer of PEO (0.5 mL of a 3 wt% PEO solution)
was first electrospun on the mandrel. The unmolding process consisted in removing the PEO layer by immersing

the mandrel in EtOH 50 % before recovering the PU/PCL tubular scaffold.

Table 1 - Process conditions used to produce electrospun tubular scaffolds

Tip- . .
Concentration | collector Voltage Lty Ngedle Needl‘e Qlensl oy (4] Llnegr RH Temp.
Polymer Wi% distance kV) rate size translation speed i) velocity (%) C)
’ (cm) (mL/h) () (cm) (cm/s) (cm/s) ’
PU/PCL 8 20 12 0.15 21 11.6 2.2 6 3.8 19-29 22-25
PEO 3 20 30 2 18 22.5 22 6 3.8 19-21 22-25

2.3 Materials Characterization

Flat rectangular samples were cut from the tubular scaffolds for the characterization of their morphology and

tensile properties.

2.3.1 Scaffolds morphology

Samples were sputter-coated with a 20 nm-thickness layer of chromium under vacuum. Electrospun nanofibers
layouts were then evaluated by scanning electron microscopy (SEM) using a tabletop TM3030Plus instrument
(Hitachi, Tokyo, Japan) at 15 kV. Images were analyzed using ImageJ (NIH, USA) software. Diameters were
calculated based on about 200 different fibers from five different scaffolds. Pores were identified by an
approximation of pores formed by fibers in a same plane in SEM images. The evaluation was done through two
methods: (1) fitting polygonal pore shapes, allowing the calculation of the mean pore area; (2) manually fitting
an ellipse inside the pore shape. The mean pore size is the average of the long and the short axis for each fitted

ellipse. Calculations were made from twenty random measurements per image on ten different images.



2.3.2 Samples dimensions
Sample thicknesses were measured using a Progage Thickness Tester (Thwing-Albert Instrument Company,
West Berlin, U.S.A.). Samples were sandwiched between two PET films to avoid errors due to compression.

The length and width of each sample was measured using a caliper (Mitutoyo, Kawasaki, Japan).

2.3.3 Tensile tests

The tensile properties were evaluated using a uniaxial tensile testing machine (ElectroPuls E3000 from Instron,
Norwood, U.S.A.) equipped with a 250 N load cell. Tensile tests were performed according to the ASTM D882-
12 [20], with some modifications. The initial gage length was thus modified in order to maximize the potential
clongation distance, and was set to 4.5 mm. As prescribed by the standard, the test speed was adjusted so that
the strain rate of the sample would be 10 %/min. The width of the rectangular shape samples was kept to a
minimum, at about 5 mm. As further compliance tests were performed in the wet state, mechanical properties
were also tested after immersion in deionized water for 1 h for three different samples. Similar results were
obtained for the dry state at room temperature, then experiments were performed in this latter condition. At least
four different samples were tested in both the circumferential and longitudinal directions. The Young’s modulus,

tensile strength, and elongation at break were calculated using engineering stress-strain curves.

2.4 Vascular grafts characterization

Compliance, water permeability and burst strength were determined following the methods described in the

standard ANSI/TAAMI/ISO 7198:1998/2001/(R)2010 (Cardiovascular implants - Tubular vascular prostheses)

[7].

2.4.1 Compliance
A tubular scaffold was installed in a bioreactor chamber on a TA Instrument® (New Castle, USA) Electroforce
3200 (see Figure 2). The scaffold was cannulated by inserting tube fittings into both ends and connecting the

fittings to a reservoir filled with deionized water with a flow valve and gear and a peristaltic pump controlling



the pressure in the water system. The chamber was filled with deionized water to a constant level. An initial
tension (between 0.3 N and 0.5 N) was applied longitudinally. The pulsatile intraluminal pressure was set at
three different ranges (50-90, 80-120, 110-150 mmHg) during 90 cycles, as indicated in the ATSM standard
[7]. The test was repeated three times for each scaffold. A laser measured the outer diameter of the scaffold
subjected to pulsatile pressure changes, and the compliance was calculated using Equation 5. The thickness of
the scaffold being low (< 500 pm), the wall was considered incompressible, and the internal diameter was

obtained after subtracting two times the wall thickness from the outer diameter.

> e O Cell
1- Water input

Prosthesis

Figure 2 - Setup for VG compliance testing on the Electroforce 3200.

(Single-column fitting image)

2.4.2 Water permeability
The tubular scaffold was fitted in the bioreactor chamber similarly to what was done in the compliance test and
connected to a water reservoir as well. The chamber was installed on a horizontal plane and a collector was

placed below the scaffold. Water pressurized at 120 mmHg was circulated to the scaffold. The fluid permeating



through the graft was collected for 15 minutes. The graft permeability was determined using the following

equation:

B, = Equation 6

Where Py, is the water permeability of the tubular scaffold (expressed in mL.cm™.min"), V is the permeated

volume, A is the graft area allowing the permeation in the sample holder, and d is the duration of the test.

Tubular scaffolds of several thicknesses, between 30 and 200 um, were evaluated for permeability to determine
the minimum thickness to reach blood impermeability. The structural characteristics of filter materials such as
the pore size and the thickness, the viscosity of the fluid and the interactions between the fluid and the material,
are known to impact its permeability [21, 22]. De Valence et al. [23] evaluated both water and blood
permeabilities through electrospun grafts. They reported that in vitro permeability values, respectively of 23.4
+5.1 mL.cm?.min" and 0.16 £+ 0.07 mL.cm™.min"!, did not lead to blood leakage during in vivo implantations.

These values were thus extrapolated as upper limits in order to guarantee blood impermeability for our scaffolds.

2.4.3 Burst pressure

Burst pressure experimental tests were performed using a closed air system. The tubular scaffold was cannulated
through one extremity to a compressed air system and the other end was plugged. A manometer with a resolution
of 0.5 psi (26 mmHg) was used to record the increasing pressure controlled manually. The test was run until the
burst pressure was reached. A home-made latex balloon was used inside the prosthesis to prevent air loss
through the porosity of the prosthesis. At least eight experiments were performed with prostheses of different

thicknesses.
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3 Results
3.1 Calculations from the Analytical Model

The cylindric analytical model was first used to identify the materials properties required to reach both the target
compliance (0.0725 %/mmHg) and burst pressure (2031 mmHg) as a function of the geometry of the prosthesis.
To that end, the material was considered (simplified) as an isotropic material characterized by its Young’s
modulus (E), Poisson’s ratio (v) and ultimate strength (o) in tension. Figure 3A presents the evolution of the
minimum cu¢/E as a function of the Ri/t ratio to reach these target values, according to Matlab® script. Changing
the internal diameter of the prosthesis did not influence the results: as long as the target values were kept the

same, the curves all superimposed perfectly, irrespective of the internal diameter of the prosthesis.

2.0
1 6 mm
1.9+ © 5mm
©) <& 4mm
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Figure 3 - (A) Lower limit of the ratio of tensile ultimate strength to elastic modulus (cu/E) according to the
ratio of the internal radius to wall thickness (Ri/t) to reach both compliance and burst pressure target values,
respectively 0.0725 %/mmHg and 2031 mmHg. The Poisson’s ratio was fixed as 0.3. Curves for VG with
diameters of 3 to 6 mm are superposed. (B) Impact of Poisson’s ratio value on the ratio of tensile strength to
elastic modulus (cu/E).

(Single-column fitting image)
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The minimum oy/E ratio was influenced both by the Poisson’s ratio and the geometry of the cylinder. For small
values of the R/t ratio, i.e., when the cylinder’s radius was low as compared to its wall thickness, the minimum
out/E ratio increased. Conversely, the curve tended to an asymptote when Ri/t increased. The influence of Ri/t
was particularly strong for low Poisson’s ratio values (Figure 3B). For a material close to being incompressible,
with a Poisson’s ratio as high as 0.49, the model showed almost no changes in the cu/E results with a change
in Ri/t, staying at around 1.78. However, when the Poisson’s ratio was lower, the range of the results was wider
and the value at the asymptote was lower, decreasing to up to 1.50, for a Poisson’s ratio of 0.2. In order to meet
small-diameter VG requirements, we must select a material at the very least capable of reaching the highest
calculated value as ou/E ratio. Thus, the ideal ratio is 1.78, which ensures the material is picked without

knowing its Poisson’s ratio, and is chosen as the minimum target ratio.

Based on this result, a literature search was performed to identify materials with mechanical values allowing
the target burst pressure and compliance to be reached. We were particularly interested in electrospinning as a
technique for producing nonwoven fibrous materials allowing tailored nanofiber morphology and porosity and
capable of mimicking native tissues. Guo et al. [24] showed that electrospun PU/PCL mats presented an elastic
modulus of 13.8 MPa with 60 MPa as tensile strength, leading to a cu/E ratio of 4.36, which is even higher
than our target. The second part of this work therefore focused on the fabrication and characterization of tubular
scaffolds by electrospinning a PU/PCL material. Those scaffolds were compared with a commonly used ePTFE

prosthesis in order to confirm the latter’s potential for vascular grafts and the benefits of the analytical model.

3.2 Materials Characterization

3.2.1 Morphology

The morphology of ePTFE prostheses and PU/PCL electrospun tubular scaffolds, observed by SEM, are
illustrated in Figure 4. ePTFE displayed a typical node-fibril microstructure (Fig. 4b-c) with more elongated
fibrils for its outer layer, while PU/PCL scaffolds showed randomly oriented nanofibers with a mean diameter

of 523 + 93 nm (Fig. 4e-f). Their mean pore area was of 1.7 + 1.0 um?, with the highest frequency for a small

12



pore area (under 2 pm?). The mean pore diameter was also evaluated at 1.5 + 0.8 um with the fitting ellipse

method (the average for the major axis and the minor axis are respectively 2.1 + 0.9 pm and 1.0 + 0.3 pum).

Counts

o 4

o
250 300 350 400 450 500 550 600 £50 700 750 BOO RSO0 900
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(e) NMMD7.3 x4.0k 20 um

(a) (d)

Figure 4 - Morphology of vascular prostheses: commercial ePTFE VG (left side, a-c) and electrospun PU/PCL
tubular scaffold (right side, d-f). Digital images of respective VG (a, d). SEM images of (b) outer layer of the
ePTFE VG, (¢) inside layer of the ePTFE VG (scale bar: 200 um), (e) electrospun PU/PCL nanofiber scaffolds
(scale bar: 20 um). (f) Distribution of PU/PCL fiber diameters according to ImageJ analyses.

(2-column fitting image)
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3.2.2 Tensile properties
The mechanical properties of ePTFE prostheses and our electrospun PU/PCL tubular scaffolds were
characterized by tensile testing. Mechanical properties obtained in both circumferential and longitudinal

directions are presented in Figure 5.
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Figure 5 - Mechanical properties of PU/PCL electrospun tubular scaffolds and ePTFE commercial prosthesis,
from tensile testing in (A, B) circumferential and (C, D) longitudinal directions. (A, C) Representative stress-
strain curves. (B, D) Tensile properties: Young’s modulus (E) from the initial stress-strain curve region and
tensile strength (cu), with value of the calculated ratio cu/E. For the longitudinal direction, only the elastic
modulus was calculated.

(2-column fitting image)

Commercial ePTFE VG exhibited a short linear region in the initial stress-strain curve (about € = 0-25 %), with
a low elastic modulus (4.4 = 0.2 MPa), followed by a steeper slope (modulus of 17.4 + 1.8 MPa), and then by a
decrease indicating plastic deformation. In the longitudinal direction, ePTFE exhibited only one slope with a

Young’s modulus of 36.0 =+ 3.9 MPa. Electrospun PU/PCL presented a quite linear behavior until rupture. This
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mechanical behavior is consistent with previous work on electrospun PU/PCL and various polymer ratios
between PCL and PU [24]. The Young’s moduli of electrospun materials in the circumferential and longitudinal
directions were respectively 4.8 = 1.3 MPa and 13.8 + 4.4 MPa. The circumferential oy was 7.4 = 2.5 MPa.
The ou/E ratio of PU/PCL and ePTFE materials were calculated as 1.54 and 0.23, respectively, based on their

circumferential elastic moduli.

The relatively anisotropic character of PU/PCL despite generally random nanofiber orientations, as well as the
variability of the results, can be explained by the fact that the mechanical response of such electrospun structures
is strongly affected by their morphology: only a fraction of fibers in the load direction is recruited and aligned

during tensile tests, and the mechanical response is a function of their number [25, 26].

3.3 Vascular Grafts Characterization

3.3.1 Compliance

Compliance tests were carried out on the 0.45 mm-thick ePTFE prosthesis and on electrospun scaffolds of
different thicknesses. Tensile testing was also performed on these samples to determine their Young’s moduli
and compare the experimental compliance values to theoretical ones calculated using the analytical model. The
Poisson’s ratio was assumed to be 0.46 for ePTFE VG [27, 28] and 0.48 for PU/PCL scaffold assessments [29].
However, the effective Poisson’s ratios were not verified and, notably, it is well-known that porous materials
properties cannot be predicted analytically due to their random structure [30]. Since two slopes had been
observed during ePTFE tensile tests, the highest Young’s modulus (17.4 MPa) was used during analytical
calculations as it was found more representative of the compliance behavior of ePTFE according to equation 7,

which links the modulus and the compliance for a simple thin wall cylinder [31]:

D;
2*xExt

C= Equation 7

Figure 6A summarizes the experimental and theoretical compliance values for both materials in the 80-120
mmHg range, while Table 2 presents the values at each pressure range tested (50-90; 80-120 and 110-150

mmHg, according to the ASTM standard [7].
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At the physiological pressure range (80-120 mmHg), thick commercial ePTFE prostheses displayed a very low
compliance of 0.0034 + 0.0004 %/mmHg, in accordance with the analytical model (0.004 %/mmHg). In
comparison, electrospun samples showed about 10-fold increase of the compliance, with 0.0360 =+
0.0018 %/mmHg for 145 um-thick electrospun samples at the same pressure range. The model tended to
overestimate the compliance of PU/PCL prostheses, with all the calculated analytical values being above the

experimental results, as shown in different ways in Fig. 6A and 6B.

For each VG, it can be seen that the relative differences between experimental and analytical values were larger
when the pressure range increased. In particular, the analytical model predicted only very slight changes in
compliance values between the three pressure levels, while experimental data showed a clear decrease when the
pressure range increases (Table 2). The difference between analytical and experimental data decreased when
the thickness of VG increased (Fig. 6B). On average, PU/PCL results revealed relative adequacy, with a
discrepancy of about 13 % between the model forecast and the reality for pressure levels of 50-90 mmHg. With
higher pressure ranges of 80-120 mmHg and 110-150 mmHg, the results showed larger differences (respectively

25 % and 34 %)).

Table 2 - Compliance values for commercial ePTFE prosthesis and electrospun PU/PCL VG. Comparison
between the experimental results and theoretical values obtained from the analytical model calculation.
Graphical representation of the 80-120 mmHg pressure range is shown in Figure 6A.

Thickness (pm) 454 £ 4 145+2

Pressure range (mmHg) 50-90 80-120 110-150 50-90 80-120 110-150
Compliance from

analytical model 0.0040 £0.0004 ~ 0.0040 £ 0.0004  0.0040 £0.0004  0.0517 +0.0047 0.0509 £0.0046  0.0502 + 0.0044
(%/mmHg)

Experimental compliance

0.0036 £0.0010 ~ 0.0034 £0.0004  0.0033 +0.0005 0.0430 £0.0024  0.0360 +0.0018  0.0318 £0.0010
(%/mmHg)
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Figure 6 - Comparison of VG analytical and experimental compliance, as a function of wall thickness. (A) At
the 80-120 mmHg pressure range. The fragmented line represents the compliance target value for small-
diameter arteries (0.0725 %/mmHg). Experimental compliance values for PU/PCL prostheses are plotted
(diamond). Their mean modulus (E = 3.9 MPa) was used to calculate the theoretical compliance for PU/PCL
(plain curve). The colored area from either side corresponds to the minimum and maximum modulus of the
tested prostheses. Similarly, the square and the dotted line, surrounded by the blue area, are respectively the
experimental result (t =454 + 4 pm; E = 17.4 + 1.8 MPa) and the analytical curve (E = 17.4 MPa) for ePTFE
grafts. (B) Relative differences between experimental and analytical compliance data for PU/PCL VG (n = 6)
at each pressure range tested (in mmHg).

(2-column fitting image)

3.3.2 Burst pressure

Burst pressure measurements were performed on electrospun PU/PCL scaffolds (Figure 7A). ePTFE prostheses
were not tested, as expected values would have exceeded our equipment’s capacity. The burst pressure
experimental values followed an increasing tendency with the thickness, in accordance with the prediction of
the analytical model. However, analytical values calculated using the ultimate stress determined during tensile
testing were found to overestimate the burst pressure as compared to experimental measurements. Only one VG

could reach the target value of 2031 mmHg, for a thickness of about 140 pum.
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3.3.3 Permeability

Since a compromise may be needed between the compliance (increased at thinner wall thicknesses) and burst
pressure (increased for thicker wall thicknesses), it is important to define which thickness is sufficient to ensure
impermeability of the electrospun graft. To that end, the permeability of PU/PCL grafts was tested using a water
leak test for a wide range of wall thicknesses. The results are summarized in Figure 7B and show that all our
tested scaffolds manifested water leakage under the upper limit value of 23.4 mL.cm2.min’!, and could be
considered blood-impermeable and suitable for implantation. Very low permeability (< 0.6 mL.cm?2.min") was

indeed obtained for graft thicknesses above the threshold of 50 um.
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Figure 7 - Impact of wall thickness on (A) burst pressure and (B) water permeability, for electrospun PU/PCL
tubular scaffolds. Each dot represents a distinct VG. The dotted line corresponds to (A) the target value for the
burst pressure for small-diameter arteries (2031 mmHg [9]), (B) the upper limit of water permeability considered

for blood-impermeable VG (23.4 mL.cm™.min"! [23]). The theoretical value for burst pressure as a function of
VG thickness is depicted by the dark line (A).

(2-column fitting image)
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4 Discussion

Numerous materials have been investigated for the design of VG for the replacement of small-diameter arteries,
but it is generally unclear whether they can avoid compliance mismatch, which is known to be related to
hyperplasia and VG occlusion. The analytical model developed in this study allows to anticipate the ability of
a material to mimic the compliance of the blood vessel to be replaced (0.0725 %/mmHg for a coronary artery)
without the risk of burst rupture (2031 mmHg), based on the ultimate stress, the Young’s modulus and the

Poisson’s ratio, available from tensile testing or directly from literature data.

A comparable approach was recently published [10], with the difference from our approach being that in theirs,
the conically modified von Mises criterion was used instead of the von Mises effective stress. This criterion
considers the compressive strength of the material under study and requires further tests. Since the compression
behavior of electrospun materials is rarely reported, our model was designed to be as simple as possible in order

to be used for wider purposes.

The oui/E ratio defined by our analytical model is impacted by the Poisson’s ratio. To be valid for any given
Poisson’s ratio, the ou/E ratio should minimally reach 1.78 in order to meet small-diameter VG requirements.
We therefore identified electrospun PU/PCL 90/10%, which had been reported to exhibit a G,/E ratio of 4.36
[24], which is well above our target value. The electrospinning technique is particularly attractive as it produces
nanofibrous materials mimicking native tissues’ morphology [18, 32, 33]. The electrospinning parameters used
for the fabrication of PU/PCL tubular scaffolds were adjusted to reach a morphology similar to that of
electrospun PET prepared in our previous works [34], i.e., with nanofiber diameter around 500 nm and mean
pore size of about 3 pm. The PU/PCL electrospun scaffolds had similar fiber diameters (523 + 93 nm versus
551 + 91 nm) and even smaller pore diameters (1.5 £ 0.8 um versus 3.2 = 0.5 um) than PET mats. According
to our prior results, this morphology prevents the invasion of endothelial cells inside the structure, and therefore
favors the formation of an endothelial monolayer on the lumen surface. This represents an advantage over
ePTFE prostheses, whose structure allows cells to infiltrate in vivo through their pores, thus preventing the

growth of a continuous endothelial monolayer on their surface [2, 3].
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Morphological parameters of the PU/PCL scaffolds however differed from those of Guo et al. [24], which
inspired our research, and whose average fiber diameter was 730 nm. This at least partly explains the difference
in mechanical properties observed between our scaffolds and those of Guo et al. [24]: we obtained an elastic
modulus closer to that of native arteries (4.8 MPa),with a 7.3 MPa tensile strength; this is much lower than the

values reported by Guo et al., namely, 13.8 MPa and 60 MPa for modulus and ultimate stress, respectively.
Therefore, our calculated G,/E ratio was 1.54, much smaller than that of Guo et al. (4.36) and slightly lower

than the 1.78 target value. This could explain why the experimental compliance of the 145 um-thick prosthesis,
which had sufficient burst resistance, was below the target value of 0.0725 %/mmHg reported as the compliance

of small-diameter arteries [8], to wit 0.0360 %/mmHg.

Nevertheless, the compliance of PU/PCL VG was 10 times higher than that of commercial ePTFE prostheses,
which was only 0.0034 %/mmHg, i.e., about 20 times smaller than the target value. The low compliance was
consistent with values described in the literature for ePTFE prostheses, where Gore-Tex® and Impra® are
shown to exhibit compliance values from 0.0026 [35] to 0.009 [36] and 0.012 %/mmHg [37, 38]. Furthermore,
experimental results were in accordance with the analytical model, when considering the second slope of the
stress-strain curves for the circumferential direction of ePTFE material, which exhibited a change in the slope
after about 25 % of strain. This difference in elastic modulus as a function of the elongation state was
corroborated by Jia et al. [39] for another ePTFE VG : the modulus changed from 8.6 MPa at 10 % strain to
32.1 MPa at 30 %. It is believed that this inflexion is due to the tubular origin of the samples tested, leading to
residual stress - at the beginning of the tensile test, the thin external layer is in compression, while the internal
layer is already in tension. Hence, when the tensile test starts, the fibrils from the outer layer began to elongate
before those from the inner layer start to get involved in the test direction. To verify this hypothesis, SEM
imaging was performed at different elongated states of ePTFE. At 10 % strain, the fibrils of the external layers
were indeed more elongated than at the rest state, while no change was observed at the internal side of ePTFE
grafts. This emphasizes the importance of testing VG without cutting and using specific grips, according to the

ANSI 7198 standard [7].

Despite being presented as a “thin wall” in the catalog of VG suppliers, the ePTFE prostheses used in the present

study had a wall thickness above 400 um. Decreasing the thickness could allow a slight increase of the
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compliance. However, this would lead to decreased resistance to burst pressure. According to our analytical
model (Figure 6A), the mechanical properties in tension would not allow both the compliance and burst
resistance to be reached. In contrast, electrospun PU/PCL materials should be able to meet the target compliance
for wall thicknesses under 100 um. Although this seems sufficient for blood impermeability, it would make
handling more difficult during production and surgery. Moreover, the burst pressure would be below the value
of 2031 mmHg (Figure 7A) chosen based on the burst pressure resistance of mammary arteries [9]. This target
value could however be decreased for prosthesis design, since it is well above physiological pressures, being 10

times higher than the pressure that can be reached in hypertension [9].

Based on experimental and analytical results, a 140 um-thick electrospun PU/PCL tubular scaffold could
represent a good compromise as a VG in terms of easy handling, appropriate blood impermeability, high burst

pressure and a compliance greater than the commercial ePTFE prosthesis.

The analytical model developed in this study however has several limitations. Relative differences between
analytical calculations and experimental compliance results were evaluated to be up to 13 % at the 50-90 mmHg
pressure range, and increased for higher pressure range to up to 34 %. Overall, the model made an
overestimation of the compliance and burst pressure. Our model predicts mechanical properties assuming the
presence of isotropic materials with linear elastic behavior. This is a major drawback as polymers generally
exhibit at least slightly non-linear behavior and viscoelasticity. Moreover, both the ePTFE material and
electrospun PU/PCL scaffolds revealed a larger Young’s modulus in the longitudinal direction than in the
circumferential direction, showing an unexpected anisotropic character. These limitations could partially
explain the differences between the model and experimental values. An orthotropic model could enable to reach

more realistic values.

The tendency of these differences to be higher with smaller thicknesses could be explained with the method
used to measure the thicknesses, as it required the compression of samples, and an error always has a greater
impact on small values. Furthermore, in designing this simplified model, assumptions were made that did not
exactly fit the experimental reality. Indeed, the internal radius variation remained the same in the calculations
irrespective of the pressure, while the initial radius increased with higher pressure ranges and resulted in a lower

compliance value according to Equation 5. Input parameters such as the elastic modulus and the wall thickness
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were also kept fixed in the model, but could also change experimentally depending on the pressure applied on

the scaffold and the mechanical behavior [40].

Interestingly, PU/PCL scaffolds showed a reduction of the compliance at higher pressures, which represents a
behavior close to that of native arteries [40]. This behavior is known to be due to the fact that in arteries, elastin
is much more flexible than collagen, and elastin fibres from the tunica media are stretched before collagen fibres

which are mainly in the external layer. This leads to a non-linear behavior in compliance [3, 41, 42].

5 Conclusion

In conclusion, a simple analytical model tool for the prediction of compliance and burst pressure of vascular
grafts based on their mechanical properties in tension was developed and validated. This model could be greatly
useful in selecting an appropriate material for the design of small-diameter prostheses. Electrospun PU/PCL
was identified as a promising material. A 145 um-thick tubular scaffold presented an adequate burst resistance
and permeability and a compliance of 0.036 % mmHg, a clear improvement over those of current vascular

replacement solutions such as ePTFE.
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