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a b s t r a c t

To these days, the production of a small diameter vascular graft (o6 mm) with an

appropriate and permanent response is still challenging. The mismatch in the grafts

mechanical properties is one of the principal causes of failure, therefore their complete

mechanical characterization is fundamental. In this work the mechanical response of

electrospun bilayered small-diameter vascular grafts made of two different bioresorbable

synthetic polymers, segmented poly(ester urethane) and poly(L-lactic acid), that mimic the

biomechanical characteristics of elastin and collagen is investigated. A J-shaped response

when subjected to internal pressure was observed as a cause of the nanofibrous layered

structure, and the materials used. Compliance values were in the order of natural coronary

arteries and very close to the bypass gold standard-saphenous vein. The suture retention

strength and burst pressure values were also in the range of natural vessels. Therefore, the

bilayered vascular grafts presented here are very promising for future application as small-

diameter vessel replacements.

& 2016 Elsevier Ltd. All rights reserved.
rved.

.
(G.A. Abraham).
1. Introduction

Cardiovascular diseases are the main cause of death world-

wide; they represent 29% of total global deaths. In particular,

coronary arteries affections represent 50% of cardiovascular

diseases death cause (Seifu et al., 2013). The use of autologous

and homologous natural arteries and veins, specifically the
internal mammary artery (also known as internal thoracic
artery) and mayor saphenous vein, are to this day the gold
standard for bypass surgery treatment. Despite the good
performance of autologous grafts, 15% of patients with cor-
onary diseases need alternative grafts due to impossibility or
not availability of the mentioned grafts (Canver, 1995; McClure
et al., 2011). In the last 60 years, the use of synthetic grafts like
Dacrons (poly(ethylene terephtalate)) and Goretexs (ePTFE)
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has been the only alternative to autografts and homografts.
Even though these grafts work well for larger arteries replace-
ment, they are too stiff and lack regeneration potential (Seifu
et al., 2013; McClure et al., 2011; Ravi and Chaikof, 2009; Kurobe
et al., 2012; Catto et al., 2015). When used as small-diameter
vascular grafts they are associated with different levels of
thrombogenicity, stenosis, and infection susceptibility, mainly
due to mechanical mismatch at the anastomosis site and lack
of bioactivity. This leads to intima hyperplasia and a reduction
in patency rate (Abbott et al., 1987). In particular, compliance
mismatch between native artery and the artificial graft was
determined as one of the mayor failure causes over prolonged
periods of implantation (Sonoda et al., 2001). The ideal vas-
cular graft must achieve numerous attributes, the mayor of
which concern mechanical strength, compliance, suture reten-
tion strength and a J-shaped mechanical response comparable
to physiologic values (Nerem, 2003).

The mechanical response of the arterial wall depends on
the mechanical role of its passive (elastin and collagen fibers)
and active components (smooth muscle cells). The mechan-
ical properties of the vessel are determined by these compo-
nents and it is possible to identify each component
contribution to the final elastic response (Roach and Burton,
1957; O’Rourke, 1982; Armentano et al., 1991; Fung, 1993;
Barra et al., 1993; Shadwick, 1999). When arteries undergo
internal pressure a non-linear elastic response, J-shaped
curve, is observed. At low pressures, the artery wall presents
high compliance, which is mainly attributed to elastin fibers.
As the pressure increases, collagen fibers start to align and
orient, lowering the artery compliance. At high pressures, the
mechanical response is mainly due to collagen, which results
in high stiffness (Sonoda et al., 2001; Roach and Burton, 1957;
Fung, 1993; Bergel, 1961; Bergel, 1961; Armentano et al., 1995).
Therefore, to obtain a small-diameter vascular graft that
mimics this mechanical response, the use of collagen and
elastin, as well as mimicking their crimped morphology,
appears as a solution.

The J-shapedmechanical response has often been observed
in vascular grafts obtained from in vitro cellular cultures (Konig
et al., 2009; Zahedmanesh et al., 2011) as well as in some cases
where natural polymers like collagen, elastin or fibrin were
used (McMahon et al., 2010). However, natural polymers
properties differ from batch to batch and reproducible proces-
sing conditions are hard to obtain. Even more, they present
low strength that impedes them to withstand high internal
pressures (McClure et al., 2011; Lee et al., 2008; Sell et al., 2009).
The use of synthetic biocompatible and bioresorbable poly-
mers, which behave mechanically as collagen and elastin,
appear as an appealing alternative. Nevertheless, a J-shaped
response is hard to achieve with vascular grafts made purely
from synthetic polymers, which present an inverse curvature,
i.e. compliance decreases with increasing load.

The importance of a J-shaped biomimetic response has led
to different design strategies of vascular grafts. Sonoda et al.
developed an adaptable concentric two-layered graft
designed with a gap between each layer, where the mechan-
ical behavior of the artery could be mimicked by selecting the
layers properties and the distance between them (Sonoda
et al., 2001; Sonoda et al., 2003). At low pressures the internal
layer alone mimics the pressure resistance, while at high
pressures both layers copy the response together. Rapoport
et al. (2012) developed a variable diameter collector that
permits the production of a corrugated external layer that
mimics the collagen fiber topography. In this way, the inter-
nal layer supports the pressure, until ondulations start to act
(as collagen fibers do) at higher pressure ranges. This design
could be adapted to mimic different arteries depending on
the materials used and the expansion degree of the collector.

Besides the advances in the area, to these days the
production of a small diameter vascular graft (o6 mm) with
an appropriate and permanent response is still challenging.
Electrospun nanofibrous vascular grafts arrived as a potential
tailor made solution to the mechanical mismatch problem.
The electrospinning technique has gained attention in the
last decade as an attractive and versatile method to obtain
nanofibrous porous structures that mimic natural tissues
extracellular matrix. Their nanofibrous morphology, inter-
connected porosity and high surface to volume ratio convert
them in good potential scaffolds for tissue engineering
applications (Dahlin et al., 2011; Agarwal et al., 2008; Sill
and von Recum, 2008). Additionally, the use of a small-
diameter rotating collector together with sequential electro-
spinning allows the production of multilayered structures,
which mimic the artery wall structure. Therefore, there have
been a number of studies focused on the production of
electrospun tubular structures with potential applications as
small-diameter vascular grafts (Hasan et al., 2014). Besides
the important advances and encouraging results, only few
studies present a complete mechanical characterization of
the developed vascular grafts. Lee et al. (2008) produced a poly
(ε-caprolactone) (PCL) and collagen blend graft with appro-
priate mechanical properties and long-term stability. McClure
et al. (2012) produced trilayered vascular grafts with different
collagen or silk fibroin, elastin and PCL ratios at each layer.
Multilayered grafts that architecturally mimic the native
vascular wall and mechanically match the gold standard of
vessel replacement, saphenous vein, were produced. Han
et al. (2013) obtained multilayered vascular grafts from poly
(ethylene glycol)-b-poly(L-lactide-co-ε-caprolactone) (PELCL),
poly(L-lactide-co-glycolide) (PLGA), PCL and gelatin with suf-
ficient mechanical properties for vascular tissue engineering
applications. Yin et al. (2013) developed vascular grafts from
poly (L-lactide-co-ε-caprolactone) (PLLACL), collagen and chit-
osan at different blend ratios by electrospinning, also with
similar mechanical properties to those of saphenous vein.

In this work, it is demonstrated that a J-shaped mechan-
ical response from synthetic bioresorbable polymers grafts
can be achieved. To the best of our knowledge, a J-shaped
response to internal pressure in the range of natural vessels,
as a result of synthetic electrospun grafts, has not been
addressed before. A complete mechanical characterization
of electrospun bilayered vascular grafts was perfomed. Two
synthetic biocompatible and bioresorbable polymers that
mimic the mechanical behavior of elastin and collagen,
segmented poly(ester urethane) (SPEU) and poly(L-lactic acid)
(PLLA), respectively, were used. The material properties were
studied with uniaxial tensile tests and also the conduit
behavior was characterized by suture retention strength,
compliance and burst pressure. Besides, a simple constitutive
model was applied to foresee the mechanical response when
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changes in the grafts geometry, like diameter, thickness and

amount of layers were performed.
2. Materials and methods

2.1. Materials

PLLA (PLA2002D, Mn¼78.02 kg mol�1, Mw¼129.91 kg mol�1,

IP¼1.67) was obtained from Natureworks (MN, USA). A

bioresorbable SPEU named PHD was synthesized from ali-

phatic diisocyanate, aliphatic polyester, and a diester–diphe-

nol chain extender according to previously reported

procedures (Caracciolo et al., 2009). Dichloromethane (DCM)

and N,N-dimethylformamide (DMF) were acquired from Ane-

dra (BA, Argentina). Tetrahydrofuran (THF) was purchased

from Cicarelli (Santa Fe, Argentina). 2,2,2-trifluoroethanol

(TFE) was purchased from Sigma-Aldrich (MO, USA). All

solvents were analytical grade and were used as received.
2.2. Methods

2.2.1. Electrospun scaffolds fabrication
Electrospun scaffolds were obtained from PLLA, PHD and two

different blend ratios of PLLA/PHD, 90/10 and 50/50 wt/wt,

corresponding to outer and inner layer, respectively (Montini

Ballarin et al., 2014).
A standard electrospinning setup was used, consisting of a

programmable syringe pump (Activa A22 ADOX S.A., Argen-

tina), a high-voltage power source (ES30P, Gamma High

Voltage Research Inc., USA), and a grounding aluminum

collecting plate. All experiments were carried out at room

temperature in a chamber having a ventilation system. A 10%

wt/v solution concentration (C) in DMF/DCM at 40/60 mixed

ratio, a voltage (V) of 13 kV, a needle-collector distance (d) of

15 cm and a flow rate (f) of 0.5 ml/h were used for the PLLA

scaffolds. PHD solution in TFE at C¼25% wt/v, f¼1 ml/h,

d¼13 cm and V¼13 kV was employed. A total C of 20% wt/v

in TFE was used for the inner layer and 15% wt/v in TFE for

the outer layer. The electrospinning parameters used were

f¼1 ml/h, d¼15 cm and V¼13 kV for the inner layer; and

f¼0.5 ml/h, d¼15 cm and V¼13 kV for the outer layer.
2.2.2. Vascular grafts fabrication
Bilayered vascular grafts were produced by sequential elec-

trospinning, with the inner layer on the lumen side and the

outer layer on the external side. A small-diameter rotating

mandrel was used as collector. The electrospinning para-

meters were set according to previously reported conditions

(Montini Ballarin et al., 2014). A mandrel with a rotation

velocity (r) of 1000 rpm, d¼15 cm and V¼13 kV were used for

both layers, while flow rates of 1 ml/h and 0.5 ml/h, were

used for the inner and outer layers, respectively. Vascular

grafts of three different thicknesses (0.1170.03 mm,

0.1770.03 mm, 0.2370.04 mm) were produced by different

processing times (t), t¼1.5 h, 3 h and 4.5 h. Grafts internal

diameter was 5 mm approximately.
2.2.3. Uniaxial tensile test
Uniaxial tensile tests were carried out in a universal testing
machine (Instron 5866, Norwood, USA) equipped with a setup
specially designed for in vitro tests. This setup consists of a
poly(methylmethacrylate) (PMMA) transparent chamber filled
with normal saline solution (9 g/L Sodium Chloride Solution)
kept at 3771 1C by means of a thermostatic bath (Unitronic
6320200, Selecta, Spain). The axial force was measured by
means of a 5 N load cell (Instron 2519, accuracy better than
0.5%) and the axial displacement was recorded by video-
extensometry, by placing two marks at both ends of the
sample and recording their position with a digital camera
(uEye 1545LE, IDS Imaging Development System, Germany).
Image J software (National Institutes of Health, USA) was
used for post-processing. The extension rate was 0.03 mm/s.

Dog-bone shaped specimens with a central zone 10 mm
long�2 mm wide were used. At least 5 samples were tested
for each scaffold group (PLLA, PHD, PLLA/PHD 90/10, and
PLLA/PHD 50/50). To evaluate the anisotropy, two sets with at
least 5 samples each were obtained in both, longitudinal and
circumferential, directions from the bilayered vascular grafts.
Rectangular samples were cut of 10 mm long�3 mm wide.
Specimen thickness was measured on each sample by means
of a thickness gauge (Mitutoyo 7301) with 10 mm accuracy.

Engineering stress versus engineering strain relationships
for all the tests were derived from experimental load–dis-
placement curves by dividing the applied load by the initial
cross-sectional area and the displacement by the initial
length of the specimen. Initial Young's modulus, ultimate
tensile strength and ultimate strain were obtained from the
experimental data.

2.2.4. Suture strength test
Suture retention strength tests were performed in 3 cm long
segments of bilayered vascular grafts of different thicknesses
(n¼6 each). Tests were carried out in accordance with the
standard for cardiovascular implants and vascular prosthesis
ISO 7198 (ANSI/AAMI/ISO, 2010). A universal testing machine
(Instron 5866, Norwood, USA) equipped with an in vitro test
setup was used. Tests were performed in normal saline
solution (9 g/L Sodium Chloride Solution) at 3771 1C. A
prolenes 5-0 suture (Ethicon, Inc., Johnson & Johnson) was
inserted 2 mm from the end of the stretched prosthesis. A
load cell of 5 N (Instron 2519, accuracy better than 0.5%) and
an extension rate of 150 mm/min were used. The force
required to pull the suture through the prosthesis or cause
the wall of the prosthesis to fail was recorded.

2.2.5. Pressure vs. diameter tests at different axial extensions
Bilayered vascular grafts were subjected to different constant
axial elongations (L/L0) and internal pressure. During the
suturing process at the implantation site, an axial elongation
is customarily applied. In order to test the bilayered vascular
grafts response when this pre-stress occurs, the three grafts
with different thickness were tested at a constant axial
elongation of L/L0¼0, L/L0¼1.05 and L/L0¼1.1. The change in
diameter was followed by a laser micrometer (Keyence LS-
7500, NewJersey, USA, resolution 1 mm) at the central portion
(�L/2) of the grafts. The tests were performed in a custom
made setup, especially designed for in vitro characterization



Fig. 1 – Schematic representation of the setup used for the pressure-diameter characterization. Air (black line), internal
physiologic serum line (light blue line), and chamber physiologic serum line (yellow line). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2 – Scheme of the model parameters for a trilayered
tubular structure. The inner layer (internal diameter r¼a) is
subjected to an internal pressure P1. The interface between
the inner and medium layers (at r¼b) is subjected to P2,
while the interface between medium and outer layers at
r¼c, suffers a pressure P3. External pressure at r¼d is
assumed to be zero so transmural pressures are considered.
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(Fig. 1). This consists of a PMMA transparent chamber filled
with physiologic serum (9 g/L Sodium Chloride Solution). The
chamber temperature was kept at 3771 1C by a thermostatic
bath (Unitronic 6320200, Selecta, Spain). The setup is placed
on a universal testing machine (Instron 4411, Norwood, USA),
which applies a constant axial elongation. The internal
pressure was applied with an auxiliary line of physiologic
serum, also at 3771 1C, operated by compressed air. The
pressure was measured at the entrance of the chamber with a
high pressure transducer (Honeywell, Columbus, USA, reso-
lution 0.15 mmHg). Pressure and diameter signals were sent
to the data acquisition system, programmed in LabVIEW
(National Instruments Corporation, USA).

Al least 4 samples of 5 cm length from each bilayer
vascular graft thickness group were tested at three different
axial elongations (L/L0¼1, 1.05 and 1.1).

Vascular grafts compliance (%C) was calculated from the
experimental data, according to the standard ISO 7198 (ANSI/
AAMI/ISO, 2010), at three pressure ranges (50–90, 80–120 and
110–150 mmHg):

%C¼ RS–RDð Þ=RD
� � � 104= PS�PDð Þ ð1Þ

where PS is the maximum pressure value (systole, mmHg)
and PD is the minimum pressure value (diastole, mmHg). RS

and RD are the corresponding internal radii (mm).
The corresponding circumferential mean stress (sM) was

approximated according to:

sM ¼ PM � RM=h
� � ð2Þ

where PM is the internal applied pressure, RM is the corre-
sponding mean radius and h is the wall thickness.

2.2.6. Burst pressure test
The same equipment of Section 2.2.5. was used to test the
vascular grafts until failure. The burst pressure was obtained
for the three different graft thicknesses and two axial elonga-
tions of L/L0¼1 and 1.1 (n45).
2.2.7. Mechanical modeling
Vacular grafts were simulated using an isotropic linear-

elastic mechanical model (El-Kurdi et al., 2008; Vorp et al.,

1995). Some simplifications were taken as described else-

where: the vascular graft geometry was idealized as two/

three concentric incompressible, homogeneous, isotropic,

linear-elastic layers with perfect adherence (Fig. 2). Infinite-

simal strains and a state of plane stress were also assumed

(Vorp et al., 1995; McClure et al., 2010).
The value of the pressure at the inter layer boundary, P2,

for the two-layer model is (El-Kurdi et al., 2008):



Fig. 3 – SEM micrographs of bilayered vascular graft.
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P2 ¼ a2 � P1 � 1–υð Þ � c2–b2
� �

� EEXT � bþ 1þ υð Þ � EEXT

h

� c2–b2
� �

� b � a2 � P1
i
= b2 � 1–υð Þ � EEXT � b � c2–b2

� �h

þ 1–υð Þ � a3 � EINT � b2–a2
� �

þ 1þ υð Þ � EEXT

� c2–b2
� �

� b � a2 þ c2 � EINT � b � b2–a2
� �i

ð3Þ

where EINT, and EEXT are the elastic moduli of the inner and

outer layers, respectively; νINT¼νEXT¼½ are the Poisson's
coefficient for the inner and outer layers to account for the

incompressibility condition; a and b are the internal radii for
the inner and outer layers, and c is the external radius for the

outer layer.
The pressures at the interfaces, P2 and P3, for the three-

layer model are (Vorp et al., 1995):

P2 ¼ P1 � ð2 � a2 � bÞ= b2–a2
� �

� EINT

h in o

�f
�	

c2–b2
� �2

� EMED
2 � k2



= c2–b2

� �2
� EMED

2 � k2
	

�k1–4 � b3 � c3

�

ð4Þ

P3 ¼ P1 � 2 � a2 � b� �
= b2–a2
� �

� EINT

h in o

�f
�	

2 � c2–b2
� �2

� EMED � b2 � c�=
	

c2–b2
� �2

� EMED
2

�k2 � k1–4 � b3 � c3

�

ð5Þ

where k1 and k2 are given by:

k1 ¼ b3 � 1�υINTð Þ þ a2 � b � 1þ υINTð Þ
h i

= b2�a2
� �

� EINT

h i

þ b3 � 1�υMEDð Þ þ b2 � c
h

� 1þ υMEDð Þ
i
= c2�b2
� �

� EMED

h i
ð6Þ

k2 ¼ c3 � 1–υMEDð Þ þ b2 � c � 1þ υMEDð Þ
h i

= c2–b2
� �

� EMED

h i

þ c3 � 1–υEXTð Þ þ d2 � c
h

� 1þ υEXTð Þ
i
= d2–c2
� �

� EEXT

h i
ð7Þ

EINT, EMED and EEXT are the elastic moduli for the inner,

medium and outer layers, respectively; νINT, νMED, νEXT the
Poisson's coefficients for the inner, medium and outer layers,

taken equal to 0.5 for incompresibility; a, b and c are the
internal radii for the inner, medium and outer layers; and d is
the external radius for the outer layer.

According to the model, the circumferential wall stress
(CWS) within a given layer at a radius (r) is given by:

CWS¼ ðri2 � Pi�re2 � PeÞ= re2–ri
2� �

þ Pi�Peð Þ � ri2 � re2
� �

= re2�ri
2� � � r2� �

for rirrrre ð8Þ

where ri and re are the internal and external radii of the layer,
and Pi and Pe the corresponding internal and external pres-
sures. Application of Eq. (8) with the corresponding interfacial
pressures (Eq. (3) for the two-layer and Eqs. (4–7) for the
three-layer) permit the computation of the circumferential
stress at any layer of the model.
3. Results and discussion

3.1. Vascular grafts fabrication

The electrospinning process was carried out according to
previously optimized conditions for PLLA, PHD, and their
blends (Montini Ballarin et al., 2014). Uniform and bead-free
nanofibrous flat and tubular scaffolds were obtained. Fig. 3
shows SEM micrographs of a bilayered vascular graft pro-
duced by sequential electrospinning. Both layers displayed a
bead-free nanofibrous morphology. The vascular graft pre-
sented a separation between layers of about 100–200 mm,
which contributed to the graft biomimetic mechanical
response, as it will be discussed in Section 3.4.

3.2. Uniaxial tensile tests

Fig. 4(a) shows some representative engineering stress–strain
curves for PLLA, PHD, and their blends PLLA/PHD50/50 (inner
layer) and PLLA/PHD90/10 (outer layer).

Two different behaviors emerged from the curve shape
analysis. PHD curve resemble the response of elastin, with an
elastic behavior until rupture and lack of yielding zone. PLLA
showed a more rigid response, with a steeper slope similar to
the one presented by collagen. Depending on the blend their
mechanical properties change continuously from the strong
and stiff behvoiur of pure PLLA (100/0 blend) to the compliant
and weak PHD (0/100).
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Fig. 4 – Representative engineering stress–strain curves; a) Electrospun scaffolds (PLLA: red, PHD: black, PLLA/PHD 50/50:
green, PLLA/PHD 90/10: blue); b) samples from bilayered vascular grafts tested in axial (black) and circumferential direction
(red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1 – Initial Young's modulus.

Young's Modulus (MPa)

PLLA 13.8573.82
PLLA/PHD 90/10 6.3070.75
PLLA/PHD 50/50 5.3570.98#

PHD 0.5670.27
Elastin 0.4970.18 (Armentano et al., 1991); 0.1–0.15 (Salvucci et al., 2009)
Collagen 131764 (Armentano et al., 1991)

# No statistical significance (po0.05) with PLLA-PHD 90/10 (outer layer).
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The PHD scaffold displayed an initial Young's modulus

value very close to the one observed for the elastin present in

natural arteries (Table 1). PLLA Young's modulus was one

order of magnitude smaller than the one presented by

collagen, and falls in the range observed for natural arteries

at high blood pressures (5–17 MPa), which is associated to

collagen fibers activation (Salvucci et al., 2009). This finding

corroborates our hypothesis that, electrospun PHD has a

mechanical behavior similar to elastin and PLLA scaffold to

collagen.
In what respects to the blends, the PLLA/PHD 90/10

modulus was higher than the corresponding to 50/50 blend,

although it did not follow a mixture rule (Table 1). This same

tendency was observed in literature (McClure et al., 2010),

which could be due to the nanofibrous and random nature of

the tested scaffolds. The influence of the scaffolds and its

material parameters (fiber diameter, curvature and orienta-

tion; material flexibility and rigidity, etc.) and how they affect

the mechanical response, was investigated before (Rizvi et al.,

2012; Pai et al., 2011). As in random nanofibrous materials,

not all the fibers are in the load-bearing direction, the

response would depend on how many fibers are recruited

and aligned during the tensile test. The resultant modulus,

thus, is a function of the number of fibers effectively support-

ing the load and it differs from the one observed in a solid

sample.
Tensile curves for samples obtained from bilayered vas-

cular grafts showed a clear anisotropy between the circum-

ferential and axial directions. The Young's modulus resulted

lower in the circumferential direction (Fig. 4(b)) and did not

present significant differences with the obtained values for

the inner and outer layers (po0.05) (Table 2).
Interestingly, the axial initial Young's modulus was higher

than the stiffer component (PLLA). This is a consequence of

nanofibrous scaffolds properties being dependent on the

amount of fibers recruited during the tensile test, even

though related to the material properties. In this way, it can

be considered that more fibers are aligned and support the

load during axial loading than during the circumferential test,

and even more, than the pure material scaffolds tested. PLLA

Young's modulus ranging from 45 to 90 MPa were reported

depending on the amount of fibers aligned in the load

direction (Pu and Komvopoulos, 2014).
Vessel anisotropy was also reported for natural arteries

and veins (Claes, 2010; Donovan et al., 1990). Claes et al.

analyzed the mechanical behavior of coronary arteries, and

arteries and veins used for coronary bypass free of any

vascular condition (Claes, 2010). The comparison of both data

sets (natural vessels and bilayered vascular grafts) throws in

similar behavior, being the axial testing direction stiffer than

the cirfumferential one. However, the arteries anisotropy was

higher than vascular grafts, and was more evident in the



Table 2 – Initial Young's modulus, ultimate tensile
strength and strain in the vascular graft circumferential
and axial testing directions.

Young's
Modulus (MPa)

Ultimate
tensile
strength
(MPa)

Ultimate tensile
strain (%)

Circumferential 6.2471.69# 2.0770.17 233.17734.62
Axial 29.5475.85 2.5670.28 142.14723.87

# No statistical significance (po0.05) with both PLLA/PHD 90/10 and
PLLA/PHD 50/50 (outer and inner layers).

Table 3 – Suture retention strength for bilayered vascular
grafts.

Thickness Suture retention
strength/simple loop (N)

Suture retention strength/
through loop (N)

#1 0.9870.25a,b 1.6370.24a,b

#2 1.4670.35b 2.2870.23b

#3 1.5570.42a 2.4570.27a

a,b statistical difference (po0.05) for grafts of thickness #1 with
thicknesses #2 and #3, respectively.
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Fig. 5 – Pressure vs D/D0 curves for bilayered vascular grafts
of thickness #1 (red), thickness #2 (blue) and thickness #3
(black). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of
this article.)
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shape of the tensile stress–strain curves than in the values of
the elastic modulus (Ecircumferential¼1–2 MPa, Eaxial¼4–6 MPa).
Natural blood vessels lack the initial lineal zone present in
synthetic materials, therefore a convention is used to mea-
sure the Young's modulus at a determined strain (Claes,
2010).

At strains larger than 10% (0.1), tensile curves from
electrospun grafts resemble that of a typical synthetic poly-
mer, not showing the J-type behavior of natural arteries.
However, at strains below 10% a J-shaped behavior can be
noticed (Fig. 4, inset), this one being the result of the fibers
recruiting in the load direction and the testing configuration
(Rizvi et al., 2012). This is more appreciable in the pressure-
diameter test configuration as it will be shown later. For the
materials characterization the toe correction was performed
and taken into account in their tensile properties.

The elastic modulus values obtained for bilayered vascular
grafts, although within the same range, were also higher than
the ones reported by Claes et al. Claes (2010) for mammary
and radial arteries and saphenous veins (Ecircumperential¼2.5–
7.5 MPa and Eaxial¼12–16 MPa). Nevertheless, due to the dis-
persity in natural blood vessels properties and convention
used to measure the Young's modulus, some higher elastic
modulus for human saphenous veins (Ecirc¼43 MPa and
Eaxial¼130 MPa, (Donovan et al., 1990)) were also reported.

Samples from electrospun bilayered vascular grafts
showed ultimate tensile strengths and strain values in the
range of natural blood vessels (0.5–3 MPa for coronary
arteries, 1.5–4 MPa for radial and mammary arteries, and
saphenous veins (Claes, 2010)). The ultimate tensile strain
values for all natural vessels were similar, with these in the
range of 40–100% (Claes, 2010).

The mechanical results obtained for bilayer vascular grafts
showed that their mechanical properties lies in parallel to the
natural vessels and are significant apart from much more
stiff substitutes like Dacrons and Goretexs. Dacrons elastic
modulus is 14,000 MPa and its ultimate tensile strength is
between 170 and 180 MPa. Goretexs has a stiffness of
500 MPa and a tensile strength of 14 MPa (Kannan et al., 2005).

3.3. Suture retention strength

Two types of suture knots were made: simple (overhand knot)
and through loop. It was observed that, in most cases, the
simple loop was pulled through the prosthesis. Therefore, the
obtained strength value represented a lower limit to the

vascular graft suture retention strength. Suture through loops

caused the failure of graft wall, giving thus an upper limit to

the vascular graft suture retention strength.
Measured values for the three different graft thicknesses

are presented in Table 3. As expected, the suture retention

strength increased for the thicker graft (po0.05). Interest-

ingly, there was not found significant difference between the

results for small and medium thickness (#2 and #3).
Porcine aortic and carotid arteries presented suture reten-

tion strength values within 2.5–3.3 N (Drilling et al., 2009),

whereas murine aortic artery showed a value of 1.770.7 N

(Bergmeister et al., 2013), both in the same range than our

bilayered grafts. It was reported that human mammary artery

suture retention strength was 1.470.01 N, and saphenous

vein presented a value of 1.8170.02 N (Konig et al., 2009). In

the same work, the authors established that vessels with

suture retention strengths as low as 0.74 N have been suc-

cessfully implanted with no complications. The measured

strength values for the bilayered grafts were higher than this

lower limit.
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These results demonstrate that the electrospun bilayered
grafts could be sutured at the anastomosis site without
suffering damage.

3.4. Pressure vs. diameter test

Fig. 5 presents the average normalized pressure-diameter
curves for the three groups of bilayered vascular grafts with
different thickness and not subjected to axial stretch (L/L0¼1).
The diameter variation was represented as the ratio D/D0,
where D0 is the graft diameter at a 50 mmHg transmural
pressure. Mean values and standard deviations are shown.

As seen in figure, bilayered vascular grafts mimicked the J-
shaped response seen in natural arteries in the extended
physiologic pressure range.

It is hypothesized that this response was the consequence
of a combination of the graft random nanofibrous topography
with the layers gap in-between, and the small strains reached
in the physiological pressure range (below 3%). The recruit-
ment of nanofibers with increasing pressure induced a no-
linear response, where stiffness increased as more fibers
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Fig. 6 – Pressure vs D/D0 curves for bilayered vascular grafts (bla
compared with young (blue) and old coronary arteries (red) (Clae
figure legend, the reader is referred to the web version of this a
supported the load, as seen in uniaxial tensile tests (Section

3.2) for deformations under 10%. Besides, in the same way as

the design presented by Sonoda et al., the internal layer is the

responsible for supporting the internal pressure at low

pressure ranges, and after a certain deformation is achieved,

the internal and external layers support the pressure together

(Sonoda et al., 2001; Sonoda et al., 2003).
When compared with natural coronary arteries and other

arteries and veins used for bypass surgery (Figs. 6 and 7)

(Claes, 2010), vascular grafts showed a more rigid response

than young coronary arteries and closer to old arteries. In all

cases, curves were within the scatter band of natural vessels.

As shown in the figures, the grafts presented a behavior close

to saphenous veins, which is one of the conduits of choice

with a high rate of success (Canver, 1995). These results

highlight the J-shaped response obtained, since it is in the

order of small-diameter natural vessels.
The three grafts with different thickness were also tested

at a constant axial elongation of L/L0¼1.05 and L/L0¼1.1.

When an axial elongation of 1.1 was applied the grafts

suffered plastic deformation. Therefore, L/L0¼1.05 was taken
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as the maximum elongation allowed during the managing,

suturing and surgical procedure. However, the J-response was

not altered by the plastic deformation suffered (Fig. 8). On the

other hand, a higher axial elongation led to a more pro-

nounced J-response, which was evidenced through a higher

compliance than at L/L0¼1, especially for grafts with thick-

ness #3 (Table 5). The same tendency was seen for natural

arteries. However, due to the high deviation observed in both

electrospun grafts and natural vessels it is hard to differenti-

ate the more compliant behavior. Therefore it can not be

assume as a fact.
The grafts mechanical response to internal pressure when

an axial elongation was applied was also compared with

coronary arteries behavior. Due to the lack of assays for

coronary arteries at L/L0¼1.05, data at L/L0¼1.1 were used.

It could be appreciated that vascular grafts of thickness #3

presented a more similar response to coronary arteries

(Fig. 9). Although the grafts presented a less compliant

behavior, part of the old coronary arteries curve (physiologic

range 80–120 mmHg) was included within the error bars of

thickness #3 vascular grafts. Even more, vascular grafts
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Fig. 7 – Pressure vs D/D0 curves for bilayered vascular grafts (bla
compared with old radial (green) and mammary arteries (blue), a
the references to color in this figure legend, the reader is referre
deviation and the ones for both coronary arteries overlapped

through the pressure range studied.
The compliance was calculated at three different pressure

ranges according to the cardiovascular implants-tubular vas-

cular prostheses standard (ANSI/AAMI/ISO, 2010) and Eq. (1) (

Tables 4 and 5).
As observed in the error bars of the pressure-diameter

curves, the compliance values for both vascular grafts and

natural blood vessels presented high deviations.The obtained

values for L/L0¼1 only presented significant differences

(po0.05) at low (50–90mmHg) and high pressure (110–

150 mmHg) ranges, especially for thickness #1 grafts

(Table 4). At the close physiologic range (80–120 mmHg), the

compliance values for all bilayered vascular grafts were

statistically similar to the ones of the analized blood vessels

(po0.05). However, the mean value was closer to saphenous

veins, which presented a less compliant behavior.
Compliance values were also obtained for grafts tested at

an axial elongation L/L0¼1.05 (Table 5) and coronary arteries

at L/L0¼1.1. The grafts values were in the order of coronary

arteries. In general, the bilayered vascular grafts of thickness
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Fig. 9 – Pressure vs D/D0 curves for bilayered vascular grafts
of thickness #1 (red), thickness #2 (blue) and thickness #3
(black) at L/L0¼1.05, compared with young (light blue) and
old coronary arteries (green) at L/L0¼1.1 (Claes, 2010). (For
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#2 and #3 presented compliance values similar to coronary
and radial arteries, and saphenous veins at the different
applied axial elongations (Fig. 10). These results convert the
bilayered vascular grafts in good potential candidates for long
implantation times, being the compliance mismatch at the
anastomosis the main cause of the present synthetic vascular
grafts failure (Weston et al., 1996; Salacinski et al., 2001).

Results obtained for the bilayered vascular grafts corrobo-
rated that PLLA and PHD display similar properties to collagen
and elastin, respectively. Natural arteries layered structure
was mimicked as well as their biomimetic behavior by electro-
spinning of the selected blends. Even more, the bilayered
vascular grafts compliance was superior to the one presented
by ePTFE commercial graft (0.1%/100mmHg) (Yin et al., 2013).

3.5. Burst pressure test

The burst pressure was measured for the different thickness
vascular grafts at two different constant L/L0 axial elongations
(Table 6). Even though the obtained values increased with the
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Fig. 8 – Pressure vs D/D0 curves for bilayered vascular grafts
of thickness #1 (red), thickness #2 (blue) and thickness #3
(black) at L/L0¼1.05 (a) and L/L0¼1.1 (b). (For interpretation of
the references to color in this figure legend, the reader is
referred to the web version of this article.)

interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Table 4 – Vascular grafts, coronary, radial, and mammary
arteries, and saphenous veins compliance (%C) (10�2

mmHg) at different pressure ranges. No axial elongation.

Pressure range (mmHg) 50–90 80–120 110–150

Vascular graft #1 1.0470.95 0.5770.40 0.4470.33
Vascular graft #2 2.2072.08 1.4571.39 1.0270.67
Vascular graft #3 1.3571.80 1.1271.74 0.9671.47
Young coronary 8.9277.67 3.3976.03 2.6970.89a,b

Old coronary 4.0172.08a 4.0673.16 3.4271.72a

Mammary 21.05726.04 5.2275.13 1.7971.96
Radial 5.6672.12a,c 2.0573.68 1.0674.73
Saphenous 2.6071.72 1.7771.20 0.6771.89

a,b,c statistical difference (po0.05) compared with bilayered vascu-
lar grafts of thickness #1, #2 and #3, respectively.

Table 5 – Vascular grafts (at L/L0¼1.05) and coronary
arteries (at L/L0¼1.1) %C (10�2 mmHg) at different pres-
sure ranges.

Pressure range
(mmHg)

50–90 80–120 110–150

Vascular graft #1 2.3070.97 1.6070.64 1.2470.62
Vascular graft #2 3.4472.58 1.7270.96 1.5071.15
Vascular graft #3 2.4272.78 1.5971.85 1.1371.23
Young coronary 10.3278.24 3.5272.73 2.6970.89a

Old coronary 6.7371.46a,c 5.7171.83a,b,c 3.9371.39a,b,c

a,b,c statistical difference (po0.05) compared with bilayered vascu-
lar grafts of thickness #1, #2 and #3, respectively.
grafts thickness, they only presented significant statistical

differences (po0.05) between the values of thickness #1 and

#3. For L/L0¼1.1, there were also statistical differences between

the values for thickness #1 and #2. On the other hand, a lower
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Fig. 10 – Compliance values (10�2 mmHg) (pressure range: 80–120 mmHg) for a) bilayered vascular grafts of thickness #1, #2
and #3 compared with coronary, mammary and radial arteries at L/L0¼1, and b) bilayered vascular grafts of thickness #1, #2
and #3 at L/L0¼1.05 compared with coronary arteries at L/L0¼1.1 (Claes, 2010).

Table 6 – Bilayered vascular grafts burst pressure at
different L/L0.

Thickness # Burst pressure (mmHg)
L/L0¼1

Burst pressure (mmHg)
L/L0¼1.1

1 1232.697557.28a 800.617142.46a,b

2 1500.057323.63 1303.947355.33b

3 1775.21757.5a 1502.047354.1a

a,b statistical difference (po0.05) for thickness #1 vascular grafts
compared with thickness #2 and #3, respectively.
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burst pressure was observed when a higher axial deformation

was applied. However, when comparing the values for the

same thickness they did not present statistical differences

(po0.05). This result indicated that the grafts burst pressure

would not be altered by the application of an axial elongation

when suturing at the anastomosis site.
Bilayered vascular grafts displayed values consistent with

human mammary arteries and saphenous veins, which have

burst pressure between 2031–4225mmHg (Yin et al., 2013), and

12507500 mmHg (Soletti et al., 2010), respectively. Coronary

arteries burst pressure is also in the order, about 2000mmHg

(L'Heureux et al., 2006). Even more, the bilayered vascular

grafts burst pressure values are highly superior to the physio-

logic pressures at which the grafts would be subjected in vivo.
3.6. Mechanical modeling

First, the selected model was validated for the bilayered

vascular graft of thickness #3, where the estimated CWS

(Eqs. (3) and (8)) was compared with the media circumfer-

ential strength (sm) calculated from the experimental

pressure-diameter tests (Eq. (2)). The initial Young's modulus

values obtained from the tensile test were used in the model,

as well as the grafts thickness and radius. CWS values ranged

from 135 to 220 kPa, which were in accordance with the
experimental sm (162.97715.01 kPa) for the physiologic pres-
sure range (80–120 mmHg).

The effect of the graft thickness on CWS value was
modeled, due to the increase seen experimentally in the
grafts compliance when their thickness was increased.

It was observed that the increase in the graft thickness
resulted in a decrease of CWS towards values nearer to
natural arteries (Fig. 11(a)) (McClure et al., 2010; Claes, 2010).
The difference between the CWS values of each layer was
also reduced as the thickness increased.

The effect of the grafts internal diameter was also studied
taking into account the existence of smaller coronary
arteries. A similar effect as the one observed with the
increase in the grafts thickness was found as the internal
diameter decreased (Fig. 11(b)). This result predicted that the
selected grafts composition would also result in a biomimetic
response for smaller-diameter applications.

The response of a bilayered vascular graft with 2 mm
inner diameter and twice its thickness was modeled
(Fig. 12). The combination of a higher thickness and a smaller
internal diameter resulted in closer CWS values to natural
arteries values.

Even though it is known that only media and adventitia
layers are responsible for the mechanical response of the
arterial wall (Holzapfel et al., 2000), the present tendency is
heading towards the development of trilayered vascular grafts.
By using the trilayered model, the addition of a third layer to
the grafts and its effect on CWS values was modeled. The
addition of a layer of PLLA or PHD on the inside or outside of
the grafts was modeled. The best results were obtained for the
addition of an outer PLLA layer, where closer CWS values to
natural arteries were obtained for the inner and medium
layers, without abrupt differences in between these values. A
trilayered graft with smaller inner diameter and this layered
configuration was modeled to predict the CWS values when
smaller coronary arteries need to be replaced.

The CWS values predicted were in the order of the ones
observed for natural arteries (Fig. 13) (McClure et al., 2010;
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Fig. 11 – CWS values for the bilayered vascular graft of thickness #3 obtained by mechanical modeling: a) as a function of
thickness, where original thickness (black), 50% higher thickness (red) and double thickness (green); b) as a function of
internal diameter, where 5 mm (original) (black), 3 mm (red) and 2 mm (green). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

1.0 1.1 1.2 1.3
0

10

20

30

40

50

60

C
irc

um
fe

re
nt

ia
l w

al
l s

tre
ng

th
 (k

Pa
)

radius (mm)

Fig. 12 – CWS curve for a bilayered vascular graft of 2 mm
inner diameter and twice thickness #3.
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Fig. 13 – CWS values for a trilayered vascular graft of 2 mm
internal diameter and 0.45 mm thickness, with PLLA outer
layer, PLLA/PHD 90/10 as medium layer and PLLA/PHD 50/50
as inner layer.
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Claes, 2010). The addition of a third layer is considered as a
potential modification to the graft structure in order to obtain
a more biomimetic mechanical response.
4. Conclusions

The pure polymers mechanical results corroborated the
hypothesis that nanofibrous PLLA presents a mechanical
behavior similar to collagen, while nanofibrous PHD has a
more elastic response like elastin. The contribution of these
bioresorbable synthetic polymers to the whole grafts
mechanical behavior, together with the nanofibrous layered
structure, resulted in J-shaped response with biomimetic
characteristics when subjected to internal pressure. Even
more, the grafts compliance values were in the order of
natural coronary arteries and very close to the bypass gold
standard, saphenous vein. The suture retention strength and
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burst pressure values were also in the range of the ones
presented by natural vessels. The mechanical modeling also
predicts that with an increase in the grafts thickness and the
addition of a third layer, a more biomimetic response could
be achieved.

These results are very promising towards the use of these
nanofibrous vascular grafts as small-diameter vessel repla-
cements.
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técnica superior de ingenieros de caminos, canales y puertos.
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