i+l

NRC Publications Archive
Archives des publications du CNRC

Development of a compliant and cytocompatible micro-fibrous
polyethylene terephthalate vascular scaffold

Moreno, M. J.; Ajji, A.; Mohebbi-Kalhori, D.; Rukhlova, M.; Hadjizadeh, A.;
Bureau, M. N.

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de l'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOI ci-dessous.

Publisher’s version / Version de I'éditeur:
https://doi.org/10.1002/jbm.b.31774
Journal of Biomedical Materials Research Part B: Applied Biomaterials, 97B, 2,

pp. 201-214, 2011-03-09

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=76f83ca8-0c10-423c-82e3-f4bf88341a11
https://publications-cnrc.canada.ca/fra/voir/objet/?id=76f83ca8-0c10-423c-82e3-f4bf88341a11

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at

https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’acces a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site

https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la

premiere page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

National Research  Conseil national de C dl*l
Council Canada recherches Canada ana, a



Development of a compliant and cytocompatible micro-fibrous
polyethylene terephthalate vascular scaffold

M. J. Moreno," A. Ajji,>® D. Mohebbi-Kalhori,"* M. Rukhlova, A. Hadjizadeh,?>* M. N. Bureau®*

"Institute for Biological Sciences, National Research Council of Canada, M54, Ottawa, ON, K1A OR6, Canada
2Industrial Materials Institute, National Research Council of Canada, 75 Boul. de Mortagne, Boucherville, QC, J4B 6Y4, Canada
3Chemical Engineering Department, Ecole Polytechnique de Montréal, C.P. 6079, Succursale Centre-Ville,

Montréal, QC, H3C 3A7, Canada

“Biomedical Science and Technology Research Group (GRSTB/FRSQ), Ecole Polytechnique, C.P. 6079,

Succursale Centre-Ville, Montréal, QC, H3C 3A7, Canada

Received 26 September 2009; revised 19 August 2010; accepted 25 September 2010
Published online 9 March 2011 in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/jbm.b.31774

Abstract: Bioengineering approaches have been intensively
applied to create small diameter vascular grafts using artificial
materials. However, a fully successful, high performing and
anti-thrombogenic structure has not been achieved yet. In this
study, we have designed and fabricated a novel non-woven
fibrous vascular graft with biomechanical properties closely
resembling those of native vessels. Vascular cell growth, pres-
ervation of cell phenotype, retention of vasoactive properties,
as well as the effect of gelatin coating on the cellular interac-
tion with the scaffolds under static and shear stress conditions
were investigated. The non-woven fibrous scaffolds were
made from melt blown polyethylene terephthalate fiber webs
stacked by means of a consolidation technique. The scaffold
variables were fiber diameter distribution and the number of
consolidated web stacks. SEM analysis confirmed various
fiber diameter and pore size ranges corresponding to the dif-
ferent conditions. The scaffolds showed burst pressure values
of ~1500 mmHg and compliance (8.4 + 1.0 x 10 2%
mmHg ") very similar to those of native arteries (~8 x 10 2%

mmHg~"). The structure with the smallest fiber diameter
range (1-5 um) and pore size range (1-20 um) was the most
suitable for the growth of human brain endothelial cells and
aortic smooth muscle cells. The cells maintained their specific
cell phenotype, expressed collagen and elastin and produced
cAMP in response to a-calcitonin gene-related peptide.
However, under shear stress conditions (0.9 dyne cm~2), only
30% of the cells were retained in both uncoated and gelatin-
coated scaffolds indicating the need for improving the cell
retention capacity of these structures, which is our future
research direction. This study indicates that the biomechanical
and biocompatible properties of this novel vascular scaffold
are promising for the development of a vascular graft with
similar characteristics to those of native vessels. © 2011 Wiley
Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 97B: 201-
214, 2011.

Key Words: nonwoven PET scaffolds, melt-blowing, vascular
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INTRODUCTION

Vascular diseases are one of the major causes of disability
and mortality in the world." The standard treatment for severe
vascular diseases is bypass grafting with autologous veins or
arteries.? However, appropriate autologous vessels are not
always available. In addition, the compliance mismatch between
veins and arteries has been shown to induce long-term myointi-
mal hyperplasia, particularly at anastomotic sites.* To overcome
these limitations, artificial vascular substitutes have been inves-
tigated as an alternative to autologous vessels.

Vascular grafts made from nonabsorbable materials such
as expanded polytetrafluoroethylene (ePTFE) membranes and
polyethylene terephthalate (PET) woven fibers (Dacron™)
have been successfully used for replacement of large and me-
dium diameter arteries (> 6 mm inner diameter).* However,
none of these materials have yet proved efficacy for substitu-
tion of smaller diameter conduits as they have shown to be
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thrombogenic and present low patency when implanted in an
arterial environment.>® They also exhibit considerably lower
mechanical compliance than native arteries, which leads to a
disturbed flow pattern that stimulates neointimal hyperplasia
at anastomosis site.” Current artificial commercial vascular
grafts made of either PET fibers (woven or knitted) or ePTFE
present compliance values of 1.8 x 1072 and 1.2 x 10 %%
mmHg %, respectively, while compliance values in arteries, are
in the order of 8 x 10~%% mmHg *5°

In search for a better artificial vascular substitutes, tissue
engineering approaches have been applied to recreate the
two main cellular layers of a normal artery and mimic the
native vessel behavior: the intima, consisting of a monolayer
of endothelial cells (ECs) that confers a thrombo-resistant
surface, and the media, consisting of circumferentially aligned
smooth muscle cells (SMCs) that provide most of the vascular
mechanical contractibility.’
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TABLE I. Comparative Analysis of Fibre Diameter Range, Number of Web Stacks and Pore Size Range Among Five Different

Nonwoven PET Structures (A-E)

Structure A B

C D E

No. of Web Stacks 10 15

20 20 20

Fibre diameter range (um)

80% between 1-4 80% between 1-4 80% between 1-4 40% between 3-5

80% between 2-6

20% between 4-6 20% between 4-6 20% between 4-6 60% between 8-10 20% between 6-11

Average fibre diameter (um) 3.7 22 3.8 =12
Pore diameter range (um) 8-30 3-27
Average pore diameter (um) 16.8 = 7.3 119 7.2
Average pore area (pm?) 263 = 196 152 = 154
Solid fraction 0.14 0.19
Porosity (%) 86 81

3.6 22 7.0 24 5.1 £ 2.6
1-20 up to 50 1-20
9.0 + 5.8 26.9 = 13.9 10.9 = 5.6
89 * 90 671 = 626 117 = 136
0.27 0.31 0.30
73 69 70

To this goal, various polymers, polymer processing tech-
niques, cell seeding methods, bioreactor culture systems,'®
and designs have been employed, the most recent including
pure biological constructs made of decellularized tissue,'*
cell sheets,"! and gel constructs'?; simple one-layer poly-
meric structures'®'* fabricated with various polymers,
particularly elastomers such as polyurethane'** or polycap-
rolactone (PCL)"*'®; or hybrid multi-layer constructs'” com-
posed of bioresorbable polymers (e.g, PCL and PGA)'® alone
or in combination with ECM proteins such as collagen or
elastin'® and vascular cells (i.e, ECs, SMC, and fibroblasts).18
These bioresorbable polymer-ECM protein combination
approaches have been developed to profit from both the
bioactivity of natural ECM proteins and the mechanical prop-
erties of synthetic polymers. However, various problems have
been associated with the use of these materials*®~?2: (i) their
unsatisfactory mechanical properties (burst strength and
reliability); (ii) the difficulty in matching their structural
decay upon polymer degradation with vascular tissue
ingrowth; (iii) the potential excessive matrix formation and
stenosis related to uncontrolled tissue ingrowth; and (iv) the
production of degradation products that induce dedifferentia-
tion of SMC, stimulating chronic inflammation and inducing
fibro-collagenous tissue formation that reduces graft compli-
ance and eventually causes graft failure.

Developing a small caliber nonresorbable synthetic scaf-
fold with optimized EC and SMC adhesive capacity to resist
blood flow-related detachment®® and retaining the normal
function of the regenerated vascular tissue appears as a
challenging but promising alternative to the bioresorbable
vascular grafts. The long success of PET in clinical applica-
tions for large diameter vascular grafts converts it in a
potential candidate to develop small-diameter vascular grafts.
However, to obtain a high performing tissue-engineered
small-diameter vascular graft, the compliance mismatch
between the implanted graft and the vascular tissue must be
resolved. This can be achieved by a suitable structural
design. Among various scaffold structures, fibrous configura-
tions allow the modulation of the mechanical properties by
modifying parameters such as fiber diameter, number, and
alignment of fiber webs and the consolidation method
employed. Fiber structures also convey the positive contact-
guidance effect of the fibers on cell migration and the
capacity of modulating cell function through the typical
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surface roughness created by the microfibers.**?° The nature
of PET allows the production of fibrous structures using
fiber-spinning techniques such as melt-spinning®® electro-
spinning,?” and melt-blowing. PET is also prone to various
surface functionalization techniques such as plasma polymer
deposition®* and wet chemistry®” by which biomolecules can
be covalently grafted®* to stimulate a strong cell attachment
and prevent cell loss under shear stress.?® Polymeric surfa-
ces can be coated or modified with different extracellular
matrix proteins such as collagen, gelatin, or fibronectin®® to
enhance cell attachment. For instance, methacrylic acid modi-
fied electrospun PET nanofiber mats coated with gelatin
showed improvement of the spreading and proliferation of
the ECs and preservation of their phenotype.?”

The aim of this study was to create novel vascular
matching compliant structures to be used as small diameter
scaffolds using PET, a widely used and clinically accepted
polymer. To this end, we used melt-blowing, a high through-
put, cost-effective fabrication method which allows high
control over fiber diameter distribution and pore size range.
EC and SMC viability, growth, phenotype, cell retention
under shear-stress conditions and vasoactive function were
assessed in uncoated and gelatin-coated scaffolds along
with the strength and mechanical behavior of these nonwo-
ven PET fiber structures.

MATERIALS AND METHODS

Preparation of nonwoven PET fiber structures

Neat PET (Dupont, Wilmington, DE, USA), with an inherent
viscosity of 1, was used to produce nonwoven fibers using
the melt-blowing process. PET was extruded through a die
containing 230 aligned holes (ca. 300 um in diameter). Air
was blown at very high speed (close to the speed of sound)
through a narrow gap sidewise of the die and allowed for
stretching of the fibers. The fiber diameter was changed by
varying the flow rate of the molten polymer (ranges used
varied from 0.5 to 6 kg h™). The fibers were then used to
prepare five desired nonwoven PET fiber structures, desig-
nated as A-E (Table I) for the study. Planar scaffolds were
prepared for EC and SMC culture and tubular scaffolds for
mechanical testing. They were elaborated by juxtaposition
of various numbers of individual layers of fiber webs with
alternating orientations (0°/90°) onto a metallic plate or a
6-mm diameter mandrel. The plate was placed into an
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autoclave and the mandrel sealed in a vacuumed bag and
then inserted in an oven with controlled temperature
(100°C) and under vacuum conditions (100 kPa) during
20 min for consolidation.

Morphological analysis of nonwoven PET

fiber structures

A field emission scanning electron microscope (FE-SEM,
S-4700, Hitachi High-Technologies Canada, Toronto, Canada)
was used for observation of the fibers and structures.
FE-SEM images from the planar surface of the scaffolds as
well as from the cross sections were taken. The fiber diame-
ter and pore size range were determined from at least five
SEM at a magnification of 500x (N > 200 fibers) using an
image analysis software (Visilog 5, Noesis, Les Ulis, France).
The porosity, p, of the scaffolds was calculated from the
following equation:

Po Po

where ps and p, are respectively the density of the scaffold
and the base polymer, and Mg and Vg are the mass and the
volume of scaffold disks (nominal 10-mm diameter) used to
calculate ps. p, was obtained from PET supplier. Measure-
ments were done in triplicates for each scaffold.

Mechanical testing

Compliance tubular scaffolds
performed on a custom-made compliance testing device. This
tester consists in a rod-mounted inflatable balloon connected
to a pressurized nitrogen line via a pressure regulator. The
tubular scaffolds were inserted onto the rod-mounted
balloon. Data acquisition of both applied pressure and the
scaffold diameter variation upon pressure application was
performed. The pressure was monitored through a pressure
transducer (AP-34K, Keyence Canada, Mississauga, Canada).
The scaffold diameter was measured using a laser scanner
(LS-3100, Keyence Canada).

The scaffold specimens tested were 5 cm in length and
6.35 mm in outer diameter. They were submitted to pres-
sure cycles between 0 and 200 mmHg, at an approximate
rate of 100 mmHg s !. Scaffolds were submitted to 100
consecutive pressure cycles for preliminary mechanical
integrity assessment. Pressure-diameter measurements were
collected at a rate of 10 points per second. Measurements
of compliance, C, were made from the pressure-diameter
curves according to Eq. (2)*°:

measurements on were

C = (AD/D, - AP) x 10* )

where AD refers to the variation of diameter when a varia-
tion of pressure AP is applied to a scaffold with an initial
diameter D,. The compliance of the tubular scaffolds studied
was compared with those measured on two commercial vas-
cular grafts, ePTFE and Dacron. Finally, burst pressure
measurements were performed on the tested tubular
scaffolds (nonwoven PET fiber structures) and commercial
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vascular grafts by increasing the internal pressure at a rate
of 100 mmHg s™*.

For mechanical testing, comparative analysis was made
with ePTFE (IMPRA Carboflo®, 6 mm, Bard Peripheral Vas-
cular, Tempe, AZ) and Dacron (Hemashield Platinum, Woven
Double Velour, 6 mm, Boston Scientific, Wayne, NJ]) tubular
structures. For cell culture, these materials were not inves-
tigated due to the following reasons: (i) the hydrophobic
nature of unmodified ePTFE material does not allow cell
seeding on these structures, (ii) the corrugated surface of
commercial Dacron does not allow a comparative analysis
with non-corrugated PET structures.

Cell cultures

Human brain endothelial cells (HBECs) were obtained
from small intracortical microvessels and capillary fractions
(20-112 pm) harvested from human temporal
excised surgically from patients treated for idiopathic epi-
lepsy as described previously.*! Tissues were obtained with
approval from the Institutional Research Ethics Committee.
HBECs were seeded on 0.5% gelatin-coated polystyrene
Falcon culture plates (PFCP), separated from contaminating
smooth muscle cells (SMCs) with cloning rings, cultured and
routinely characterized morphologically and biochemically
as previously described.**

Human aorta smooth muscle cells (AoSMC) were
obtained from Clonetics (Walkersville, MD). Cells were
seeded on PFCP and cultured in smooth muscle growth
media (SmGM®-2 BulletKit®, Clonetics, Walkersville, MD) in
a standard incubator until reached about 80% confluence.
More than 95% of the AoSMC in cultures stained immuno-
positive for the smooth muscle marker a-actin.

cortex

HBEC and AoSMC cellular adhesion and

growth evaluation

HBEC and AoSMC were respectively trypsinized with 1 mL of
either GRP-2 (Cells systems, Kirkland, WA) or GIBCO (0.25%)
trypsin. Planar discoidal scaffolds (11-mm diameter) were
sterilized by incubation in 200 U mL™* penicillin and 200 pg
mL~" streptomycine overnight, then washed thoroughly in
HBSS, placed in Falcon 24-well plates and pre-wetted overnight
with either 0.5% gelatin (for HBEC) or cell media (for AoSMC).
About 50 pL of culture media containing either 5 x 10° HBEC
or 10° AoSMC were applied to the scaffolds and let them sit
for 20 min before filling the wells with additional 450 pL of
media. Cells were allowed to grow on the scaffolds for 6 days
in a standard incubator. To visualize and quantify the number
of living cells on the planar discoidal scaffolds, cells were
washed with warm HBSS, incubated with 10 pg mL™" carboxy-
fluorescein diacetate acetoxymethyl ester (CFDA-AM) (Molecu-
lar Probes, Frederick, MD) at 37°C for 45 min and washed
again with HBSS. Fluorescence of the cell-seeded scaffolds was
measured at 485/530 nm using a cytofluorimeter plate reader
(Bio-Tek FL600, Winooski, VT) and the autofluorescence emit-
ted by the scaffolds alone subtracted. Two separate experi-
ments with triplicate samples (n = 6) were performed on the
uncoated and gelatin-coated structures tested.
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TABLE Il. Summary of Hemodynamic Parameters Used to Evaluate Cell Retention Under Shear Stress

Input Parameters Value Computed Parameters Value
Frequency of pulsatile cycle (Hz) 1 Womersley number 5.8
Internal diameter (mm) 4.7 Mean shear stress (steady flow)(dyne cm~2) 0.90
Mean flow rate (mL min~") 50 Mean shear stress (pulsatile flow)(dyne cm~2) 0.93
Mean pressure (mmHg) 100 Entrance length (mm) 58.7
Pressure (mmHg) 120/80 Reynolds number 228.5
Viscosity (poise) 0.01

Temperature (°C) 37 + 1

pH 7.3 £1

Proliferation assay

Proliferation of HBEC and AoSMC were determined using
CyQUANT® cell proliferation assay kit (Molecular Probes).
Briefly, 4 x 10* cells/well (HBEC) and 2 x 10° cells/well
(AoSMC) were seeded on either uncoated or gelatin-coated
scaffolds or in PFCP. Cells were harvested at either 8, 24, 48,
and 96 h (for HBEC) or 8, 24, 48, and 72 h (for AoSMC) by
washing with HBSS, blotting microplates dry, and storing at
—80°C until analysis. Plates were thawed at room tempera-
ture; 300 pL of CyQUANT GR dye/lysis buffer were added to
each well for 5 min in the dark. Fluorescence values measured
in a cytofluorimeter plate reader at 485/530 nm were con-
verted into cell numbers from cell reference standard curves.
Two separate experiments with triplicate samples (n = 6)
were performed on uncoated and gelatin-coated structure E.

HBEC retention under steady and pulsatile
shear stress conditions
The effect of shear stress on the retention of HBEC (10°
cells/scaffold) by uncoated and gelatin-coated PET planar
scaffolds short after (4 h) cell seeding was evaluated. The
scaffolds were placed under sterile conditions into the lumi-
nal side of a silicone tube. The tube was then fixed to the
grips of a culture chamber of a LumeGen Bioreactor (Tissue
Growth Technologies; Minnetonka, USA). A schematic of the
bioreactor system is shown in Figure 8. Culture media
was circulated through the lumen of the tube for 10 min
using a peristaltic pump (Cole-Parmer, Montreal, Canada) at a
laminar flow rate of 50 mL min~' and a mean pressure of
100 mmHg. A set of scaffolds was submitted to physiological
pressure (120/80 mmHg) using a pulsatile pressure stimula-
tor (Tissue Growth Technologies). In the control group, cells
seeded on the uncoated and gelatin-coated scaffold were
maintained in the culture plates under static conditions.
Shear stress values on the scaffolds under steady and
pulsatile pressures were respectively estimated using the
Poiseuille (3) and Womersly (4) formulas,**** and the input
parameters summarized in Table II.

4
Tw,s = TCLR? (3)
o U
Twp = 7 (H E) (4)

where p is the culture media viscosity, R is the tube radius,
Q is the volumetric flow, U is the volumetric velocity, and o
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is the nondimensional Womersley number. The Womersley
number was calculated from Eq. (5), where o is angular
velocity of pulsation, v is kinematics viscosity, and R is tube

radius.
o= R\/§
Y

The calculation of the entrance length was obtained
from the following Eq. (6),>* where L. is the entrance length
and p is the fluid density.

(%)

pUR?

L. = 0.226 (6)

Based on these parameters, cells under steady and pul-
satile pressure conditions were submitted to shear stress
values of 0.90 and 0.926 dyne cm™?, respectively. This range
of physiological shear stress has been shown to enhance en-
dothelial cell function.>>3¢

After exposure of the cells to 10 min of shear stress, the
scaffolds were removed from the lumens of the silicone
tubes and placed in a 12-well plate for cell quantification
using Alamar Blue® assay, a method previously used for
monitoring cell viability and retention in vitro.>”® Alamar
Blue (AbD Serotec, Oxford, UK) was added to the cells at a
5% final concentration and incubated at 37°C in dark for 4 h.
Media (500 pL) was transferred to a new plate, fluorescence
intensity was monitored at 530/590 nm wavelengths using a
fluorescence plate reader. Fluorescence values were converted
into cell numbers from cell reference standard curves.

HBEC and AoSMC cellular phenotype analysis

To determine whether the interaction of vascular cells with
the scaffolds may affect their phenotype, the presence of
specific endothelial (Factor VIII expression and Ulex Euro-
paeus I lectin binding) and smooth muscle cell (a-actin
expression) markers was analyzed in cells seeded for 5 days
on the nonwoven PET scaffolds. Expression of collagen and
elastin, two main matrix components of the vascular wall,
were also investigated. HBEC and AoSMC grown on nonwo-
ven fiber scaffolds were fixed with 4% paraformaldehyde
for 10 min at room temperature. Cells were then rinsed
with HBSS, and permeabilized with 0.1% Triton X-100
(EM Science Gibbstown, NJ) in HBSS at room temperature
for 10 min. After rinsing, cells were blocked with 4% serum

A COMPLIANT AND CYTOCOMPATIBLE MICRO-FIBROUS PET VASCULAR SCAFFOLD
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FIGURE 1. SEM images of the different nonwoven PET fiber scaffolds (A, B, C, D, and E) investigated. F is a representative cross-section of the

scaffolds.

in HBSS for 1 h at room temperature. HBEC were then incu-
bated with either primary rabbit anti-human von Villebrand
Factor (1:500 dilution, DAKO, Denmark, Copenhagen) or
mouse anti-human collagen IV (1:500 dilution, Abcam,
Cambridge, MA) antibodies for 1 h at room temperature.
Cells were rinsed with HBSS and respectively exposed to
secondary goat anti-rabbit Alexa Fluor 488 (1:500 dilution,
Molecular Probes, Burlington, ON, Canada) or goat-anti-
mouse Alexa Fluor 568 (1:500 dilution, Molecular Probes)
antibodies for 30 min at room temperature. Samples stained
with anti-human collagen IV were also exposed to Fluores-
cein Ulex Europaeus Agglutinin-1 (1:50 dilution, Vector Lab.,
Birlingame, CA) for 30 min. AoSMC were incubated with
primary mouse anti-human o-smooth muscle actin (1:500
dilution, R&D systems, Minneapolis, MN) and rabbit anti-
human elastin (1:500, Ciderlan, Hornby, ON, Canada) for 1 h
at room temperature. Cells were respectively exposed to
goat anti-mouse Alexa Fluor 568 (1:500 dilution) or goat

anti-rabbit Alexa Fluor 488 (1:500 dilution, Molecular Probes)
for 30 min at room temperature. Cells were rinsed twice with
HBSS and covered with DAKO mounting media spiked with
DAPI (2 pg mL™"%, Sigma, Okville, ON, Canada) and placed
on glass slides. Fluorescence images of the cells attached to
the scaffolds were obtained using a fluorescence microscope
(Olympus 1X50; Carsen group, Markham, ON, Canada) Images
were captured using a digital video camera (Olympus U-CMT)
and analyzed with Northern Eclipse v.5.0 software (Missis-
sauga, ON, Canada). Two separate experiments with triplicate
samples (n = 6) were performed on structure E.

Cyclic adenosine monophosphate (cAMP) production

To investigate whether HBEC grown for 6 days on the PET
planar scaffolds retain their ability to respond to vasoactive
agents, the effect of increasing concentrations (50-1000
nM) of the potent vasodilator o-calcitonin gene-related
peptide (CGRP) on cAMP production in HBEC was assayed.
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FIGURE 2. (A) shows fiber diameter distribution of the different nonwoven PET fiber scaffolds (A, B, C, D, and E), represented by the cumulative
relative distribution (in % of population) of fibers as a function of fiber diameter. (B) Pore size distribution of the scaffolds (A, B, C, D, E), repre-
sented by the cumulative relative distribution (in % of population) of pores as a function of the pore diameter. The inserts in the Figure 2(A,B)
show the respective reproducibility of fiber diameter and pore size distribution measurements for the same structure made at different times

(structure C in example shown).

This effect was compared to that obtained on HBEC grown
on gelatin-coated 24-well-PFCP as a control. At day 6, media
was removed; cells were washed with HBSS and incubated
in phosphate buffered saline (PBS) containing 0.2% bovine
serum albumin and 1 mM 3-isobutyl-1-methyl-xanthine for
10 min before application of CGRP. Determination of cAMP
content was performed using a commercial Amersham
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cAMP Biotrak Enzymeimmunoassay System (GE Healthcare,
Buckinghamshire, UK) as previously described.>* The cell
pellets were dissolved in 0.1 N NaOH, protein levels meas-
ured by Lowry method, and production of cAMP expressed
as function of protein content. Two separate experiments
with triplicate samples (n = 6) were performed on the
uncoated and gelatin-coated scaffolds.

A COMPLIANT AND CYTOCOMPATIBLE MICRO-FIBROUS PET VASCULAR SCAFFOLD
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FIGURE 3. Vital staining with CFDA-AM of HBEC (A) and AoSMC (B)
grown for 6 days on uncoated (hatched bar) or gelatin-coated (black
bar) nonwoven PET fiber structures (A, B, C, D, E, F). Bars represent
mean of fluorescent units (485 nm ex/530 nm em) + SD of two experi-
ments performed in three scaffolds per structure (n = 6).

Statistical analysis

Results were expressed as mean * standard deviation. Data
were analyzed by one-way analysis of variance (ANOVA)
followed by Newman Keule’s post hoc test at the confidence
level of 95%.

RESULTS

Structure characterization

In this study, five different nonwoven PET structures (desig-
nated scaffolds A to E) were fabricated using a melt-blowing
process. FE-SEM images obtained from both planar surfaces
and cross-sections were used to determine the fiber diame-
ter and pore size ranges of the five different structures. The
structures differ in fiber diameter range and number of
fiber web stacks (Table I). Micrographs of structures A to E
are shown in Figure 1(A-E), and a typical cross-section
micrograph is shown in Figure 1(F). Figure 2(A) shows the
cumulative relative distribution of fibers as a function of
fiber diameter. Structures A, B, and C show similar fiber
diameter distribution with ~80% of the fibers in the 1- to
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4-pm diameter range and ~20% between 4 and 6 pm. The
insert-graph in Figure 2(A) illustrates the reproducibility in
fiber diameter distribution measurements for two different
batches of structure C. Structure D has the largest distribu-
tion of fiber diameters with ~40% of the fibers with diameter
between 3 and 5 pm and ~60% between 8 and 10 pm, while
structure E has ~80% of its fibers in the 2- to 6-um diameter
range and ~20% between 6 and 11 pm. Figure 2(B) shows
the cumulative relative distribution of pore sizes as a function
of their average equivalent diameter (calculated using the
assumption that the pore shape is circular for comparison
purposes). Structures A, B, and C present similar fiber diame-
ter range but differ in the number of fiber web stacks
(A =10, B= 15, C = 20), which, as shown in Figure 2(B), has
a direct effect on the average pore size of the structures.
Structure A (10 web stacks) show a pore size range between
8 and 30 pm, structure B (15 web stacks) between 3 and
27 pm and structure C (20 web stacks) between 1 and 20 pum.
Structures E and C (20 web stacks each) present similar pore
size range with minor differences at the low end, whereas
structure D shows a large range in pore sizes and the largest
pores (up to 50 pm). Reproducibility of the pore size mea-
surements for two different batches of structure C are
illustrated in the insert-graph in Figure 2(B).

EC and SMC attachment and growth

The ability of EC and SMC to adhere and grow on the non-
woven PET scaffolds was evaluated in both uncoated and
gelatin-coated scaffolds. Viability studies were performed by
staining the cells with the vital dye CFDA-AM. As shown in
Figure 3, while HBEC grew more efficiently (p < 0.05) in gel-
atin-coated than in uncoated PFCP, AoSMC growth was not
affected by PFCP coating with gelatin. All structures allowed
attachment and growth of both HBEC and AoSMC. Structures
A and D, presenting the highest pore size, were the less per-
missive (~30-50% lower fluorescence readings, p < 0.05) to
the growth of both HBEC and AoSMC [Figure 3(A,B)].
HBEC grew with similar efficacy in structures B, C, and
E [Figure 3(A)], while AoSMC growth was more efficient
(p < 0.05) in structures C and E [Figure 3(B)]. Structure E
showed more reproducibility in HBEC and AoSMC growth
than structure C. Interestingly, HBEC grew with similar effi-
cacy on uncoated and gelatin-coated structures [Figure 3(A)],
while the growth of AoSMC was similar (structures C and D)
or significantly lower (~20-50% in structures A, B, and E,
p < 0.05) in gelatin-coated scaffolds [Figure 3(B)].

Cell proliferation studies

Viability studies indicated that structures C and E were the
most efficient for the growth of both HBEC and AoSMC,
however, structure E exhibited higher reproducibility than
C among the different experimental repeats. Therefore, a more
detailed analysis of HBEC and AoSMC proliferation was
performed in uncoated and gelatin-coated structure E. As
shown in Figure 4(A), HBEC proliferation in structure E was
time-dependent. Although HBEC growing on gelatin-coated
scaffolds proliferate ~2-fold faster in the first 24 h compared
to those growing on uncoated scaffolds, the cells reached the
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FIGURE 4. Proliferation rates of HBEC (A) and AoSMC (C) grown on either uncoated (hatched bar) or gelatin-coated (black bar) nonwoven PET
fiber scaffolds of structure E or on gelatin-coated (HBEC, (B) and uncoated (AoSMC, D) PFCP wells. Number of cells was quantified using
CyQuant Proliferation Kit. Bars represent mean = SD (n = 6). * Indicates significance (p < 0.05) relative to the initial time point (8 h). # Indicates
significance (p < 0.05) relative to the corresponding time-point between uncoated and gelatin-coated scaffolds.

same maximum number in both uncoated and gelatin-coated
scaffolds after 96 h of incubation. In gelatin-coated PFCP with
wells of the same diameter the number of HBEC at 96 h was
1.5-fold lower than in uncoated and gelatin-coated scaffolds.
However, the initial (8 h) number of HBEC present in the
wells was also significantly reduced compared to those in the
scaffolds, which could indicate that the initial attachment is
perhaps lower in the wells [Figure 4(A,B)]. AoSMC growth
was similar in the uncoated and gelatin-coated scaffolds
[Figure 4(C)], which was 3-fold higher than that in uncoated
PFCP with wells of similar diameter [Figure 4(C,D)].

Effect of steady laminar and pulsatile shear
stress conditions on HBEC retention
The effects of both steady laminar and pulsatile shear stress
conditions on HBEC retention by uncoated and gelatin-
coated scaffolds were evaluated short after seeding, using an
adapted bioreactor flow circuit to generate laminar and physi-
ological pulsatile shear stress conditions [Figure 5(A-C)].

As shown in Figure 8(D), cell retention in uncoated PET
scaffold E submitted to 10 min of either steady laminar or
pulsatile shear stress was respectively reduced to ~30 and
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21% when compared to the control (static) group. The
same effect was observed in gelatin-coated scaffold E, where
cell retention dropped to ~38% (steady laminar shear
stress) and 24% (pulsatile shear stress) compared to the
control (static) condition. The reduction in cell retention
between uncoated and gelatin-coated scaffolds was not sig-
nificantly different (p > 0.05) under any of the shear stress
conditions applied.

HBEC and AoSMC cellular phenotype

HBEC and AoSMC stained with the vital dye CFDA-AM showed
attachment to the nonwoven PET fiber scaffolds. The cells
were elongated and aligned following the direction of the
fibers [Figure 6(A,B)]. After 6 days, the structure appeared
completely populated with cells that spread through the scaf-
fold [Figure 6(C-E)] and retained their specific molecular
markers; HBEC expressed factor VIII [Figure 6(C)] and bound
Ulex Europaeus I lectin [Figure 6(D,E)] and AoSMC expressed
a-actin [Figure 6(FG)]. In addition, HBEC expressed collagen
IV [Figure 6(E)], an ECM protein that provides tensile integ-
rity to the inner layer (intima) of the vascular wall, and
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AoSMC expressed elastin [Figure 6(G)], an ECM responsible
for elastic recoil of arteries.

CGRP-induced cAMP production on HBEC

The ability of HBEC grown on scaffolds of structure E for
6 days to produce cAMP upon stimulation with different con-
centrations of CGRP was analyzed and compared to that of
HBEC grown for the same period of time on gelatin-coated
PFCP (Figure 7). The basal levels of cAMP were similar
between HBEC grown on uncoated scaffolds of structure E
and gelatin-coated PFCP, with values ranging between 180
and 280 fmol pg™" prot. In both cultures, CGRP elicited a
dose-dependent production of cAMP, with a maximum effect
at 100 nM (4- to 6-fold above basal levels, p < 0.05), as
shown in Figure 7. No statistically significant differences
were obtained in the cAMP production between HBEC grown
on gelatin-coated PFCP and uncoated scaffolds of structure
E at any concentration of CGRP tested.

Scaffold compliance

The compliance of tubular structures was measured using a
custom-made set-up as described in Materials and Methods
section. The tubular scaffolds were subjected to 100 pres-
sure cycles (between 0 and 200 mmHg). Pressure-diameter
curves are reported for cycle 1, 5, 10, 30, 50, and 100
(Figure 8). These pressure-diameter curves all show a steep
increase at an approximately constant radial deformation,
followed by a non-linear behavior with typical two-stage “J”
shape pressure-diameter curves, characterized by a first
stage in the 80-120 mmHg range followed by a second
stage with a steeper slope in the 120-200 mmHg.*® For all
100 cycles imposed, the scaffolds exhibit an approximately
constant compliance (initial slope) within the first stage in
the 80-120 mmHg range and do not exhibit cumulative
deformation (creep or fatigue-like), as its radial deformation
is stable and ranged between 0.08 and 0.15-0.16 mm
mm ™ as internal pressure is applied.

The compliance values obtained for nonwoven PET fiber
scaffolds are comparable to those reported for native
arteries and ~7 and 8 times higher than those obtained for
Dacron and ePTFE grafts, respectively (Table III). Burst
pressures values for nonwoven PET fiber scaffolds are in
the order of those reported for the human saphenous vein
but slightly below the burst pressure values reported for
human arteries (Table III).

DISCUSSION

PET and PTFE are two polymers that are successfully used
as large diameter vascular grafts for peripheral vascular sur-
gery; however, they are not suitable for small-diameter vas-
cular applications as they suffer from either early occlusion or
late intimal hyperplasia. Thrombogenicity and compliance
mismatch of prosthetic graft at the anastomosis site have
been implicated as the two major causes of the early and late
graft failure, respectively. Consequently, major attempts are
being conducted to both lining the lumen of vascular grafts
with endothelial cells to reduce thrombogenic responses and
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FIGURE 6. Fluorescence images of HBEC (A, C, D, and E) and AoSMC (B, E, F, and G) growing on the nonwoven PET fiber scaffolds. HBEC (A)
and AoSMC (B), stained with the vital dye CFDA-AM, attached to the nonwoven PET fiber scaffolds with the cell body elongated following the
direction of the fibers. HBEC labeled with fluorescein-conjugated UEA-1 (green) (C) showed marked staining surrounding the plasma membrane
(head arrow). HBEC immunofluorescently-labeled with antibodies against Factor VIII related-antigen (D) showed intracellular granular staining
(arrow). HBEC stained with fluorescein-conjugated UEA-1 (green) and antibodies against type IV collagen (red) (E). Immunostaining of AoSMC
with antibodies against anti-smooth muscle a-actin (red) (F and G) and anti-elastin antibodies (green). Cellular nuclei were stained with DAPI
(blue) (C, D, E, F, and G). Scale bars for A, B, E, F, G is 20 um and for C and D is 10 um.

to develop compliant-matching vascular materials to avoid
intimal hyperplasia.

In this study, five different nonwoven PET fiber structures
were fabricated using a melt-blowing process and their mor-
phological, mechanical and cytocompatibility properties ana-
lyzed for their potential use in small diameter vascular appli-
cations. This fabrication method allows the control of the
fibrous structure pore size and porosity as well as mechanical
compliance adjustment of the scaffolds. This manufacturing
process is much more cost effective than many other meth-
ods. The five nonwoven PET structures produced in this study
differed in fiber diameter distribution (1-11 pm) and number
of web stacks (10, 15, or 20 webs), which directly affected
the pore size distribution (from 1-20 to up to 50 pm) and
the total porosity (from 61.2 to 86.3%) of the scaffolds.

In tissue engineering, scaffold materials provide a
mechanical support for cell growth and tissue formation.
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Woven or knitted PET fibers (Dacron) and ePTFE membrane
vascular grafts are poor substrates for cell attachment***°,
requiring coating with cell adhesion moieties to enhance the
strength and Kkinetics of cell attachment. However, it has
been shown that scaffolds with large surface areas, porous
microstructures, and interconnected pores have better cell
attachment and tissue growth, compared to nonporous mate-
rials.*®*” Porosity is also required for intercellular exchange
of cytokines and growth factors produced by both EC and
SMC. The nonwoven PET fiber grafts fabricated in our labo-
ratory are porous structures, with controllable fiber diameter
distribution and narrow pore size range of 1-20 pm (struc-
ture E). This pore size range is comparably smaller than that
reported for woven Dacron grafts (inter-fiber spacing of
~5-10 um and interyarn spacing of ~50-100 um)*®**” and
of similar range (internode distance ~18-24 pm) than that
reported for the commercial ePTFE grafts used in this
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study.***” Cell growth comparison between the five nonwo-
ven PET fiber scaffolds showed that the structures displaying
the smallest fiber diameter (1-6 pm, structures C and E),
pore size distribution (1-20 pm, structures C and E) and
average pore area (~90 and 115 pm? for structures C and E,
respectively) were the most suitable for the growth of both
HBEC and AoSMC, an effect maybe due to the trapping of
the cells in the small pores during the seeding step. Struc-
ture E was, however, selected for further analysis, as it exhib-
ited higher reproducibility in HBEC and AoSMC growth than
structure C. Although structure E shows promising results in
terms of cell adhesion and proliferation, a more detailed anal-
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ysis of SMC penetration and cellular interconnectivity will be
required to ensure the correct assembly and orientation of
the collagen fibers within the scaffold and to obtain the ten-
sile strength necessary for vascular graft applications.

Several studies have demonstrated increased efficacy
in EC adhesion and growth on gelatin-impregnated biomate-
rials*®; however, our studies showed no improvement
(HBEC) and even a reduction (AoSMC) in cell growth on gel-
atin-coated scaffolds, which underscores the good interac-
tion between the vascular cells and the uncoated nonwoven
PET fiber scaffolds. Under steady laminar and pulsatile flow
conditions, cell retention to the uncoated scaffold E was sig-
nificantly reduced (60-79%) compared to the static condi-
tions. The evaluation of cell retention was performed using
shear stress values of similar magnitude than those esti-
mated in the fetal descending aorta*® and applied after a
short period of rest (4 h) following cell seeding. The pur-
pose of using this protocol was to evaluate cell retention
during the first phase of initial contact and cell spreading
on the uncoated scaffolds and compare it to that obtained
in gelatin-coated ones. Retention on the nonwoven PET
scaffolds was similar or superior to that previously
reported in PET and ePTFE under relatively similar condi-
tions.>>*® Our data indicate that there is no improvement
on cell retention in gelatin-coated scaffolds compared to
that obtained in uncoated ones in either of the shear stress
conditions applied. Various flow and shear-stress loading
protocols have been investigated®'>* to maximize the long-
term cell retention on various scaffolds under laminar and
pulsatile flow conditions. Application of more selective pro-
tocols to gradually increase shear stress after cell seeding
may yield better long-term cell retention on these novel
scaffolds.
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TABLE lll. Compliance and Burst Pressure Values Measured
on Nonwoven PET Structure E, Commercial Dacron, ePTFE
Grafts, and Reported Human Vessels

Burst
Compliance Pressure
Materials (% mmHg™) (mmHg)
Nonwoven PET fiber 8.4+ 1.0 x 102 1509 + 175
scaffold E (n = 3)
Dacron grafts (n = 2) 1.1+ 0.2 x 1072 4145 = 207
ePTFE grafts (n = 2) 0.26 + 0.09 x 1072 2890 =+ 145

2031-4225*"
1680-2273%%43

8x 10728
5x 10728

Human arteries
Human saphenous vein

Our study also indicates that both HBEC and AoSMC
preserved their specific cellular phenotype when seeded on
the scaffold E. HBEC retained both the expression of Factor
Vlll-related antigen.>® a classic marker of endothelium, and
the binding capacity to Ulex Europaeus I agglutinin, a lectin
that selectively recognizes L-fucose moieties of multiple
glycoproteins present on the surface of endothelial cells.”*
AoSMC also maintained their capacity to express smooth
muscle o-actin (an early SMC marker) that has been shown
to be regulated by hormones, cell proliferation, and altered
by pathological conditions including oncogenic transforma-
tion and atherosclerosis.>

However, analysis of other smooth muscle markers
(calponin, caldesmon, calmodulin, tropomyosin, and smooth-
elin) and long term studies evaluating expression changes
at various time points will contribute to clarify whether
smooth muscle cells seeded on the nonwoven PET scaffolds
retain their full phenotype.

The elastic properties of large arteries and their
capacity to synthesize vasoactive substances are key ele-
ments for the ability of the arterial wall to function as a
modulator of blood pressure and cardiovascular hemody-
namics. The scaffold E exhibited compliance and modulus
values similar to those reported for human arteries, typi-
cally in the order of 8 x 1072% mmHg ™, which provides
confidence that nonwoven PET fiber grafts can mechanically
perform as native vessels. Although other degradable and
nondegradable graft prototypes of similar diameters also
present vascular-matching compliance values,®® this is the
first report describing a fabrication method that renders
porous scaffolds from PET material (well documented
from a clinical and regulatory perspective) with compliance
~7-fold higher than those commercially available obtained
from the same material. The burst pressure of scaffold
E (~1500 mmHg) was in the order of those reported for
the human saphenous vein (1680-2273 mmHg)**** but
slightly below to those of native arteries (~2000-4000
mmHg).*! However, a body of evidence indicate that
the growth of vascular cells within the scaffold under
“biomimetic” flow conditions and subsequent collagen dep-
osition®”® can significantly increase their burst strength.
This first study on the nonwoven PET scaffolds indicates
the potential of these structures for vascular graft applica-
tions but further development and optimization of the
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protocols to achieve a mature and anatomically/mechani-
cally vascular-matching scaffold are required. This involves
the evaluation of various cell seeding, shear-stress, and
pulsatile flow protocols and application of various methods
that would ensure the penetration of the cells into the
structures.

The passive biomechanical properties of the arterial wall
are influenced predominantly by the ECM proteins collagen
and elastin. Collagen 1V is important for the maintenance of
integrity and function of basement membranes under condi-
tions of increasing mechanical demands.>® Elastin prevents
irreversible deformation of the vessel against pulsatile
flow.%° Alterations in collagen IV and elastin vascular con-
tent have been associated to artery stiffening and narrowing
during aging and hypertension.®**? HBEC and AoSMC grow-
ing on scaffold E expressed collagen and elastin, respec-
tively, indicating that the cells not only preserve their
phenotype but they also retain their capacity to produce
ECM proteins essential to maintain EC-SMC communication
and modulate vascular cellular functions such as cell prolif-
eration, adhesion, and migration.®*

The active biomechanical properties of the arterial wall
depend on the activation of vascular SMC either directly or
through endothelial cell-dependent mechanisms. CGRP is a
potent dilator of human brain arteries.°* It acts through
activation of type Il G -protein-coupled receptors located in
both EC and SMC and posterior stimulation of adenylate
cyclase activity.®®> Reduction of CGRP release from nerve
terminals and down-regulation of CGRP receptor expression
in vascular tissues have been reported to be involved in the
pathophysiology of hypertension.”® EC seeded on scaffold E
responded to CGRP producing similar levels of cAMP than
those produced by EC seeded on gelatin-coated PFCP. This
indicates that the interaction of EC with scaffold E does not
alter either the CGRP receptor expression or the dilatory
capacity mediated by cAMP formation in the EC.

CONCLUSION

In summary, in this study, using a cost-effective fiber
production process, we have produced a novel nonwoven
PET fiber scaffold prototype that combines structural,
mechanical (compliance matching that of vascular artery)
and biocompatibility requirements to be further investigated
for small diameter vascular graft applications.
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