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Abstract

Aligned electrospun poly(ethylene terephthalate) (ePET) nanofiber mats that mimic the media
layer of arteries have been fabricated. In order to bring their mechanical and surface properties in
line with those of natural blood vessels, we have used three different plasma etching techniques:
(i) atmospheric pressure (“HP”) corona discharge in air; low-pressure (ii) radio-frequency
discharge (“LP”) and (iii) discharge in a microwave plasma asher, the latter two in pure oxygen
(O2) gas, or O, mixture with Ar or CF4. Substantial reduction in Young’s modulus has been
attained after as little as 5 min. treatment in (iii), without visible damage to the fibers. Changes in
surface composition and drastic improvement in surface wettability / wicking have also been

observed, which resulted in promoting adhesion and growth of smooth muscle cells (SMCs).

Keywords: Nanofibers, Electrospinning, Plasma-etching, Poly(ethylene terephthalate),

Mechanical property, Surface chemistry, Vascular graft

1. Introduction

The quest for improved functional small-diameter vascular grafts is great and growing. Currently,
the use of autologous grafts from the patient is considered the gold-standard, especially for small-
diameter blood vessels. However, their availability has in practice been a limiting factor due to
insufficient or defective donor tissue and danger of patient morbidity associated with harvest
surgery [1]. Synthetic grafts such as woven poly(ethylene terephthalate) (PET, Dacron®) and
expanded poly(tetrafluoroethylene) (ePTFE) have been widely used to replace large-diameter
vessels. However, these have shown limited patency when applied to small-diameter (< 6 mm)

vessels due to the mechanical and compliance mismatch that lead to intimal hyperplasia [1, 2].

The native artery wall is composed of three distinct layers: the intima, media, and adventitia [3]
[4]. Each layer contributes its own biomechanical role, while being subjected to axial,
circumferential and torsion forces. The extracellular matrix (ECM), comprising a basement
membrane and a complex, chemically and physically cross-linked network of proteins,
glycosaminoglycans, collagen and elastin fibers with nanoscale features, plays an important role

in controlling cell behavior in living systems [3, 4]. It is known that the media layer, which contains
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smooth muscle cells (SMCs), collagen fibrils and elastic lamellae, comprises long, parallel and
circumferentially aligned fibers. These are essential for arterial contraction and dilation and they

facilitate the control of blood pressure and tissue homeostasis [5].

Primary requirements for a functional synthetic vascular graft (VG) are biocompatibility,
bioactivity and, most important, favorable mechanical properties [1, 6]. The current generation of
VGs is limited by (i) inadequate (excessive) mechanical stiffness that leads to compliance
mismatch and intimal hyperplasia; and by (i) lack of spontaneous endothelialization of the lumen
surface [7]. Therefore, fine-tuning of the mechanical properties will directly affect the performance

of an engineered VG after implantation.

Electrospinning has the potential to produce fiber-based scaffolds similar to the protein fibers of
the ECM, with diameters that can range from 50-5000 nm, and consisting of a 3D structure with
high porosity and large surface area; this technique uses polymer solutions or -melts under high
electric field [8, 9]. An important challenge in attempting to engineer a synthetic vascular graft is
to achieve optimum morphological, mechanical and biological properties in each layer. Regarding
the media layer, the versatility of electrospinning allows one to organize and orient fibers so that
they can guide the migration and elongation of cells [6].

Aligned fibrous mat-scaffolds from selected natural and/or synthetic polymers are under
investigation to mimic the media layer, by directing SMCs in a circumferentially aligned
orientation similar to that in natural vessels. In addition, aligned fibers can provide the requisite
mechanical strength to resist the high pressure encountered in-vivo [9-14]. Electrospun PET
(ePET) is an excellent candidate, because it is non-toxic, has good mechanical properties, bio-
durability, biocompatibility and low cost; however, most important is the fact that PET vascular
grafts have already been FDA-approved and clinically used for several decades. Therefore, a
number of research groups, including the present authors, have elected to use PET as their vascular
biomaterial [15-19].

We have recently shown that tensile properties, including Young’s modulus, of random ePET mats
are higher than those of natural arteries, but that they can be better than ePTFE, woven or knitted
PET in the present context.[19] Moreover, those characteristics can be modified by wet-chemical
[20] or dry (plasma-based) etching, if desired. Wet-chemical treatment (e.g. hydrolysis with

concentrated NaOH, among others) has so far been the only method proposed in the literature for



this purpose [20-23], but it generally entrains problems of toxicity, environmental impact, and
associated costs, among others [24]. Furthermore, macroscopic damage can result to fibers in
contact with NaOH, when the ester linkage of PET is broken (leading to formation of a sodium
carbonate salt and ethanel, 2diol) [25, 26].

On the contrary, rapid, clean, highly reproducible and environmentally benign plasma etching may
offer an attractive alternative to fine-tune the mechanical and surface-chemical properties of ePET
fibers. This can be accomplished by controlling treatment parameters such as gas type and flow,
power, pressure and treatment time. Cold plasma treatments, both at low- and atmospheric pressure
are widely used to modify the inert surfaces of polymers so as to enhance their wettability,
roughness and biocompatibility, for example, and to adapt them for biomaterials applications,
generally without changing their bulk properties [27-31]. Keller et al. reported a comprehensive
study of plasma-based and wet-chemical removal of manufacturing residuals from PET
multifilament fibers, concluding that radio-frequency plasma in He/O; is the best option for
various reasons [32]. Verdonck et al. used SEM to investigate the influence of Oz plasma etching
on the morphological properties and fiber diameter distribution of electrospun polyacrylonitrile
(PAN) fibers, including etch mechanisms in the reactive-ion etching (RIE) mode. They concluded
that etching was more rapid in the presence of ion bombardment and for smaller-diameter
nanofibers [33]. Zandén et al. also used O2 plasma treatments of electrospun polyurethane (PU),
for durations up to 7 minutes, to investigate changes in surface morphology, chemistry and
wettability. They observed fiber diameter reduction, increased porosity and modified fiber surface
texture, accompanied by structural degradation after longer exposure times. The initially
hydrophobic membranes were observed to become hydrophilic and water-absorbing, but the
authors found that neither pristine nor plasma-modified samples had an effect on the shape of red
blood cells (RBC), the function of which remained intact [34]. Finally, a very recent study by Jeon
et al. reported O- plasma-based creation of sub-micrometer sized surface patterns, with the aid of
special templates, on mats of electrospun poly(e-caprolactone) (PCL) fibers. The authors showed
SEM images corresponding to plasma exposures up to 120 minutes. Stress-strain tests revealed
weakening (decrease in Young’s modulus, strength and elongation at break), attributed to the
fibers’ roughened surfaces. Finally, they described enhanced attachment and proliferation of
(MG63) osteoblast-like cells, claiming the materials’ suitability for tissue engineering applications
[35].



Clearly, some of the above-cited work has utilized O, plasma to etch or surface-modify various
electrospun fibrous mats for cell-biological purposes. However, none of the authors have
specifically mentioned plasma-etching as a potential process to fine-tune the mechanical properties
of electrospun fiber mats, certainly not in the context of vascular grafts. Therefore, the objective
of the present study has been to investigate the effects of low- and high (atmospheric-) pressure
plasma-etching on mechanical, morphological, chemical and biocompatibility properties of

partially aligned electrospun PET mat scaffolds, specifically destined for VG applications.

2. Experimental Part

2.1. Fabrication of Aligned Nanofibrous PET Scaffolds

2.1.1. Electrospinning

Partially aligned nanofibrous PET mats (¢PET) were prepared by electrospinning of 12.5 wt/vol%
polymer solution [36]. The polymer solution was prepared by dissolving PET pellets (DuPont selar
PT 7086, intrinsic viscosity of 1) in a 1:1 mixture of analytical grade dichloromethane (CH2Cl) /
trifluoro-acetic acid (TFA) (both from Sigma Aldrich), and gently stirring for 24 h. Two (2) ml of
polymer solution was electrospun at a rate of 10 ml/h with the aid of a syringe pump, in an
enclosure with controlled ambient humidity and temperature. The power supply provided a
constant voltage, 30 kV, between the tip of the grounded spinneret needle (size 18G) and the
rotating collector. The latter, a drum rotating at 1000 RPM, was placed at a distance of 13 cm from
the needle tip. The actual nano-fibre mat was collected on a non-stick aluminum foil wrapped
around the metal drum. Electrospun mats were first dried in ambient air for ca. 3 days, then cut
into pieces and carefully peeled from the aluminum foil for subsequent experiments. The pieces
of scaffolds were stored in a desiccator until further use. Process conditions are summarized in
Table 1.



Table 1 Process conditions used to produce the present electrospun aligned PET mats.

Ambient
Process parameters Collector conditions
Dimension Speed
Polymer solution Flow Linear
concentration Needle Tip-Collector Voltage rate Length Radius velocity RH Temp.
(% w/v) size (G) distance (cm) (kv) (mL/h)  (cm) (em) (m/s) RPM (%) (°C)
12.5 18 13 30 10 35 10 10.3 1000 8-25 20-25

2.1.2. Plasma Etching
2.1.2.1. Low-Pressure

Nano-fibre mats were etched in a low-pressure (“LP”) capacitively coupled radio-frequency (r.f.,
13.56 MHz) glow discharge plasma reactor[37], using (i) Argon (Ar) / 10% Oxygen (O2) gas
mixture, or (ii) pure oxygen (O2) (both from Air Liquide Canada Ltd., Montreal, QC). Etch
treatments were performed at 100 milliTorr (13.3 Pa) pressure in the cylindrical aluminum/steel
reactor chamber, flows of the feed gases being controlled using electronic flow meter/controllers
(Vacuum General Inc., San Diego, CA), and admitted into the chamber via a shower-head gas
distributor of 10 cm diameter. The flow rate of gas was kept constant at 20 standard cubic
centimeters per minute (sccm) for both cases (i) and (ii) above. The treatment was performed at
constant power, P =50 W (corresponding d.c. bias voltage, Vg = - 40 V), for different durations,
namely 3, 6, 12, and 15 minutes, samples being placed on the (10 cm diameter) powered electrode.
Clearly, the maximum energy of ions impinging on the samples’ surfaces, a key parameter in
plasma etching, did not exceed some tens of eV, as indicated by the above-cited value of V. In
reference 18 we pointed out that at this low pressure, active plasma species can penetrate through
the entire depth of the highly porous mats.

2.1.2.2.  Atmospheric Pressure



The high-(“HP”, atmospheric)-pressure dielectric barrier discharge (DBD) apparatus was
described and illustrated earlier, and it was operated in atmospheric air in the so-called corona
mode [38, 39]. Briefly, the system comprised a cylindrical, dielectric-coated stainless steel high-
voltage (HV) electrode and a grounded, planar Al electrode on which reposed a 300 x 240 mm?, 2
mm-thick glass plate that served both as substrate and as a second dielectric layer (the gap between
the two was typically 1 mm). The lower (planar) electrode and glass plate were moved back and
forth under the HV electrode at precisely controlled speed, depending on the desired treatment
(etching) time. The roughly 1 cm wide plasma (filamentary corona) zone was generated with a
commercial power source and transformer (Enercon Industries, model LM2727-03, 450 kVA

maximum output) at a typical frequency of 10 kHz and peak-to-peak voltage of 18 kV.

2.1.2.3. Plasma Asher

A low-pressure microwave plasma ashing system (GIGAbatch 360 M, PVA TePla AG.,
Germany), designed to remove organic photoresist during the manufacture of integrated circuits,
was also used here to etch nanofibrous PET mats. The density of microwave plasma, ca. 10t cm™,
is much greater than that of its r.f. counterpart, typically 10° cm™3, resulting in a greatly increased
etch rate [40, 41]. As in earlier work [40, 41] (i) a mixture of O2/ 20% CF4, but also (ii) pure O
were used at 1000 mTorr (133.3 Pa) pressure, and at 200 W of microwave power for 1 min and 5
min, respectively. The optimal etching conditions, ones presumably leading to highest yields of O
and F atoms, were taken from previously published research by this laboratory [41].

2.2. Materials Characterization

2.2.1. Scanning Electron Microscopy (SEM)

Selected samples were examined by field-emission scanning electron-microscopy (FE-SEM)
using a JEOL model JSM-7600 TFE instrument (JEOL Ltd., Tokyo, Japan) at a voltage of 1 kV
and a working distance of 13.3 mm, at different magnifications. Nano-fiber mat surfaces were
sputter-coated under vacuum with a thin layer of gold in a dedicated coater for 50 seconds, and
were then mounted on a suitable sample holder using double-sided tape. The diameters and

diameter distributions of 400 randomly-selected fibers (at least two experiments with triplicate



samples of both pristine and etched mats) were examined by SEM. Micrographs were analyzed

using image analysis software (NIH Image software).

2.2.2. Mat Thickness

The mats’ thicknesses were measured using a digital gauge (Film Master, Qualitest, designed for
film thickness measurements with better than 10 pm resolution). To minimize possible error
resulting from compression of the mats during measurements, they were sandwiched between two
rigid PET films.

2.2.3. Quantification of Fiber Alignment

Fast Fourier Transform (FFT) was used to characterize the alignment of the fibers. Here, we merely
present the essentials, because details have been described elsewhere [42, 43]. The FFT function
converts spatial information into an optical data image in a mathematically defined frequency
domain. The resulting FFT output image reflects the degree of fiber alignment present in the
selected area. A square region of 512 x 512 pixels on the SEM image was randomly selected and
processed for FFT using image analysis software (NIH Image software) supported by an oval
profile plug-in. All FFT data was normalized to a baseline value of 0 and plotted in arbitrary units,

allowing different data sets to be directly compared.

2.2.4. Porosity

Porosity properties of nanofiber mats were determined using a liquid (ethanol) intrusion method
[44, 45]. Dry mats were weighed before being immersed in 100% ethanol overnight for complete
wetting. Mats were then gently wiped to remove excess ethanol and weighed again. Porosity is
defined as the volume of the ethanol entrapped in the pores divided by the total volume of the wet
mats (ethanol + mat). In our previous study,[19] we also measured porosity of mats by two other
alternative methods, namely gravimetric and mercury intrusion porosimetry. It is worth noting that
they gave similar results, with no significant difference compared with the liquid (ethanol)

intrusion method.



2.2.5. X-Ray Photoelectron Spectroscopy

X-Ray photoelectron spectroscopy (XPS) analyses were performed in a VG ESCALAB 3MKII
instrument, using non-monochromatic Mg Ka radiation. The size of the analyzed area was about
1 mm?, the sampling depth being in the 1-5 nm range on account of the fibers’ geometries. Spectra
were acquired at 0° emission angles (normal to the mat surface), and charging was corrected by
referencing all peaks to the carbon (C1s) peak at binding energy, BE = 285.0 eV. The X-ray source
was operated at 15 kV, 20 mA. Quantification of data was performed using Avantage v4.12
software (Thermo Electron Corporation) by integrating the area under a specific peak after a
Shirley-type background subtraction, and using sensitivity factors from the Wagner table. Data
acquired by XPS survey spectra were combined to calculate [O], [O]/[C], and other quantities of

interest.

2.2.6. Static Contact Angle (SCA) Measurements

Static contact angle (SCA) of water was measured using a VCA Optima Surface Analysis System
(AST Products, Billerica, MA) at room temperature (approximately 23°C). The sample was fixed
on a glass slide, a 2 pL drop of MilliQ water was placed on the sample surface using a micro-
syringe, and SCA was measured using the VCA software provided by the manufacturer. The
measurement was repeated at five different locations on selected samples; each experiment was
carried out in triplicate to ensure reproducibility, the values were averaged, and the standard

deviation was calculated.

2.2.7. Wicking Properties

Since the nanofiber mats possess irregular structure with high porosity, it is difficult to precisely
measure the wetting properties by contact angle measurements. As an alternative, wicking
behavior of the mats can provide sufficiently accurate information about the wetting behaviour.
According to the 1SO9073-6 standard test method, wicking can be expressed as the height of
capillary rise measured for a predetermined time, or the time required for a liquid to reach a

predetermined height. We measured the time of capillary rise to 2 cm height in a vertically
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suspended specimen strip (2 cm x 1 cm) along the fiber direction, while the lower end was dipped

into water colored with methylene blue.

2.2.8. Tensile Testing

Tensile properties of the mats were evaluated using a uniaxial tensile testing machine (Instron,
ElectroPuls™ E3000). Samples were prepared by cutting mats into 0.5 cm x 2 cm strips; a given
sample was then inserted into the Instron’s jaws, the distance between the upper and the lower jaw
being set at 1 cm. The tensile test was performed using a 250 N load cell, at a controlled rate of 10
mm/min. Young’s modulus, yield strength, yield strain, tensile strength and elongation at break
were calculated manually using Stress-Strain curves. Samples were tested in the “dry” state (in
ambient air). Experiments were repeated three times; at least 12 samples were used in each
experiment to test reproducibility.

2.2.9. Low-cycle Strain-controlled Accelerated Fatigue Testing

In addition, low-cycle strain-controlled fatigue testing was carried out on the samples which had
the closest mechanical properties to those of natural arteries (ePET-Asher-O2-5min, see further
below). Pristine and plasma-etched samples were cut into strips (6 mm x 20 mm), and placed
between the grips of a uniaxial tensile tester (Bose, Electroforce 3200 instrument, 22 N load cell).
Cyclic uniaxial tensile testing was performed in the elastic domain with a strain-controlled loading
(initial linear part of the stress—strain curve, see below). Mat-samples were stretched using a cross-
head speed of 0.17 mm/s to an initial strain of 0.25% (pre-conditioning), and were then subjected
to 1,000,000 continuous sinusoidal cycles at 10 Hz, in strain ranges of £1%, whereby the maximum

strain, emax, did not exceed the yield strain.

2.2.10. Intrinsic Viscosity and Molecular Weight

Solution viscosity measurements were performed with pristine and plasma-etched ePET samples,
to determine their intrinsic viscosity and molecular weight [46, 47]. In accordance with ASTM-D
4603, a Cannon-Ubbelohde viscometer was used for this purpose: A solvent mixture of phenol /
1,1,2,2-tetrachloroethane (60/40 w/w) was employed to dissolve 0.125 g of the PET samples in 25

10



mL of solvent at 110 °C for 1 hr. Once the samples were completely dissolved, the solutions were
first filtered, then tested at 30 °C in a water bath, as follows: From the flow times of the pure
solvent mixture (to) and the polymer solutions (t, at least three measurements), inherent and

intrinsic viscosities were determined from the following equations:

),

where:

30°C

lenke 053 jnherent viscosity at 30°C and at polymer concentration of 0.5 g/dL

"+ relative viscosity = t/to

t: average solution flow time, s

to: average solvent flow time, s

C: polymer solution concentration, g/dL

The intrinsic viscosity was calculated by using the Billmeyer relationship:

n=025(n.—1+3nn,)/C

(),
By means of the Mark-Houwink equation, it is possible to determine the viscosity molecular

weight, My, from the above-calculated intrinsic viscosity:

[n] = KM3

@),

where the constants “K” and “a” at 30 °C are 2.37 x 10~% and 0.73, respectively [47].

2.2.11. Differential Scanning Calorimetry (DSC)

Melting and crystallization behaviors of pristine and plasma-etched samples were carried out in
pure nitrogen atmosphere using a differential scanning calorimeter (Model Q2000, TA Instruments
Co., New Castle, DE, USA) equipped with a universal analysis 2000 program (Model Q1000, TA
Instruments). About 10 mg of polymer was weighed and crimped into an aluminum pan; then, a
heat-cool-heat programming protocol was used with a rate of 10°C min over the temperature

range from 30°C to 300°C, that was expected to include crystallization, melting and glass
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transitions of all samples. Heat flow and temperature were calibrated using an indium metal

standard.

2.3. Biological Testing

2.3.1. Cell Culture and Seeding

Vascular smooth muscle cells (VSMCs) from rat embryonic thoracic aorta (a7r5 cell line, ATCC,
Manassas, VA) cultured in Dulbecco’s Modified Eagle’s Medium/ Nutrient Mixture F-12 Ham’s
Media (DMEM/F12; Invitrogen, Burlington, ON) supplemented with 10% fetal bovine serum
(FBS; Medicorp, Montreal, QC) were used between passages 4 to 15. Samples from pristine and
plasma-etched electrospun mats (Asher-O2: 5 min; n=6 each) were cut into disks with a punch (D
=1 cm), placed into 48-well polystyrene culture plates, sterilized in 70% ethanol for 5 min,
followed by a rinse with sterile water. Samples were dried overnight under a laminar hood. Next
day, cloning glass cylinders (0.8 cm inner diameter; 1 cm height) were placed on the samples to
prevent cell adhesion on the outside. VSMCs were detached with 0.05% trypsin/EDTA
(Invitrogen, 25300-054), counted and diluted to obtain a suspension of 100,000 cells/ml. Next, 200
pL of this suspension (20,000 cells) was added to each well. As control, cells were also cultured
directly on polystyrene culture plates (hereafter “PCP”). After a 24h culture period, cloning
cylinders and medium were removed, and 500 pL of fresh complete medium was added to each
well. The plates were incubated for 1 and 7 days, the culture medium (DMEM/F12 supplemented

with 1% penicillin—streptomycin (Pen—Strep; Invitrogen) being changed every 2 days.

2.3.2. Cell Adhesion and Growth
2.3.2.1.  AlamarBlue Assay

Cell adhesion and growth was assessed using AlamarBlue reduction assay (Cedarlane, 30025-
1(BT)), during which cell metabolic activity reduces resazurin dye (blue) to resorufin (pink). At
days 1 and 7, culture medium was removed and 500 pL of complete medium plus 50 pL of
AlamarBlue were added to each well and incubated for 4 h at 37 °C, 5% CO,. After 4 h, 150-pL
aliquots were pipetted into 96-well plates (Corning) in triplicate, and the plates were examined at

excitation/emission wavelengths of 560/590 nm in a fluorescence plate reader (BioTek, Synergy
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4). The experiment was repeated three times to assure reproducibility. To confirm these data, the
density and homogeneity of cells on the mats were directly observed after staining cells by crystal
violet solution (0.075% w/v in a 3% v/v acetic acid solution) for 15 min, rinsed 3 times with Milli-
Q water and air-dried prior to capture by microscopy (not shown here).

2.3.2.2.  Scanning Electron Microscopy (SEM)

To visualize cell morphology on controls and plasma-etched scaffolds, some samples with cells
grown for 7 days were fixed at room temperature for 1 hr with 3% glutaraldehyde (diluted in PBS),
before rinsing twice with PBS. Thereafter, they were dehydrated in successive ethanol solutions
of different concentrations (30, 50, 70, 95 and twice 100%; 10 min each). Samples were air-dried
under a hood overnight, then gold-coated (Coater: Emitech, K550X) for 2 min for SEM
observation (Hitachi, S-3600N).

2.3.3. Statistical Analysis

All data are expressed as mean values + SD. Statistical analysis was carried out using independent
t-test when comparing two groups only (for example, pristine versus plasma-etched). Values of p

lower than 0.05 were considered significant for all tests.

3. Results and Discussion

3.1. Physical Properties of Pristine and of Etched Samples

3.1.1. Fiber Alignment and Mat Thickness

Partially aligned nanofibrous PET mats were prepared by electrospinning, the mandrel being
rotated at 1000 rpm. The height and shape of the 2D FFT plot derived from an SEM micrograph
of a pristine mat bear witness to a high degree of fiber alignment (Figure 1 A,B): The higher and
narrower the peak, the more precisely aligned are the fibers along a single direction. The frequency
plot, Figure 1C, shows greatest intensity in the direction of fiber orientation on the micrograph,
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while sharp peaks near 90° and 270° confirm that the vast majority of fibers were preferentially

oriented in the direction of mandrel rotation, that is, perpendicular to the axis of rotation.
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Figure 1 Two-dimensional FFT analysis of scaffold anisotropy; (A) SEM micrograph of pristine
aligned electrospun nanofiber sample; (B) Image frequency plot; (C) 2D FFT alignment plot for
the corresponding SEM micrograph.

Mat thickness measurements revealed significant variation from the center to the edges (70-100

pum). Therefore, samples for later experiments were taken exclusively from the central portions.

3.1.2. Measurements of Pore Parameters and Porosity
Porosity results from pristine and plasma-etched samples (Table 2) were obtained by ethanol
intrusion porosimetry. The high porosity of pristine mats, 78%, is highly desirable for the intended

media layer of vascular grafts, readily enabling the transport of nutrients, metabolic wastes and

gases. Moreover, the pore size is large enough to allow SMC penetration into the scaffold. As

expected, the porosity was seen not to change significantly after plasma etching.
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Table 1 Average fiber diameter and porosity of electrospun mats, pristine and plasma-etched.

Sample Average fiber Porosity
(etch time) diameter [nm] (%)
Pristine ePET 8904350 78
LP-Ar-O, (15 min) 690 + 430% 75
LP-O, (15 min) 770 + 340% 74
HP-Corona (15 min) 720 + 350% 77
Asher-0, (5min) 830 + 395% 76
Asher-0,-CF, (1 min) 670 + 350 78

a]Signiﬁcant differences between pristine and plasma-etched ePET
(p < 0.05).

3.1.3. Scanning Electron Microscopy (SEM)

SEM micrographs of untreated and plasma-etched samples are shown in Figure 2; all are seen to
possess structures with large open spaces. The pristine mats clearly show smooth fibers with
diameters ranging between 400 and 2000 nm, the average value being 890+350 nm. Average fiber
diameters for plasma-etched samples are shown in Table 2: After O; and Ar /10% O, “LP”-type
plasma etching, one notes reduced diameters accompanied by progressively rougher surface
features for shorter treatment times (up to12 min), while longer-duration (15 min) exposure caused
degradation of the fiber structure and increased friability of the mats. In the case of “HP” (corona)
discharge, surface roughening in the form of tiny pits and micro-cracks accompanied a reduction
in the average fiber diameter after 15 min. exposure (Table 2). For both “LP” and “HP”-treated
samples the density, depths and sizes of pits and micro-cracks increased with rising exposure time.
In the case of “LP”, vacuum ultraviolet (VUV) radiation (A < 200 nm) and ion bombardment may
have contributed, in addition to erosion by reactive oxygen species. Somewhat surprisingly, the
plasma-asher was found not to significantly alter the fibers’ morphology, while nevertheless
significantly reducing the average fiber diameter (Table 2). We did not investigate longer
treatment durations with the plasma asher, because 1 or 5 min of exposure was sufficient to

adequately reduce the mechanical properties (see below).
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The influence of plasma etching on porosity is only minor, but etching clearly leads to fiber
diameter reduction, changes to fiber texture and to network morphology. It is worth pointing out
that some similar observations had already been reported in earlier literature, notably preferential

etching of small-diameter fibers [32], and surface roughening [32-34].

Exposure time

Pristine

A) O; “LP”-type plasma etching

4
—
\ |
= 14

B) Ar /10% O “LP”-type plasma etching

C) “HP” corona discharge

D) Pristine  Asher O; (Smin) Asher O2/20% CF4(1min)

Figure 2 SEM micrographs of electrospun aligned PET nano-fiber mats; effects of different
plasma-etch treatment processes: (A) O2 “LP”-type plasma etching; (B) Ar/10% O2 “LP”-type
plasma etching; (C) “HP” corona discharge; D) Plasma-asher (scale bar: 1 um).
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3.1.4. Surface-Chemical (XPS) Analyses

The surface-chemical compositions of pristine and plasma-treated mats were obtained by XPS
analyses, Table 3 Surface-near C and O concentrations of pristine samples were 70.5 % and 29.5
%, respectively, but plasma-etched ones displayed higher O/C ratios, as expected. “LP”-type O
plasma etching led to higher O/C than its Ar-10% O counterpart, while “HP” corona created
mostly O-containing groups, but some N- containing ones, as well. Plasma ashing, on the other
hand, resulted in the highest O/C ratio. This is presumably caused by very high atomic oxygen
content in the microwave-excited plasma. Plasma-ashing with the O2/ 20% CF4 mixture was found

to result in low F concentration at the surface.

Table 3 Surface-chemical compositions of pristine and plasma-etched electrospun mats.

Cls O1s Nis Fis [0]/[C]

ePET (pristine) 705 295 - - 0.4
LP—Ar—0O, (15min) 654 347 - - 0.5
LP—0O, (15 min) 62 38 - - 0.6
HP Corona (15 min) 64 345 15 - 0.5
Asher-0O, (5min) 528 47.2 - - 0.9
Asher-0,-CF; (1min) 54.8 40.5 - 4.8 0.7

3.1.5. Contact Angle (SCA) Measurements

The water SCA results are summarized in Table 4. It can be clearly seen that plasma etching
dramatically changes the surface response from hydrophobic to fully hydrophilic (~ 0°). The water
droplets spread and immediately penetrated into all plasma-etched mats once they were placed on
the surfaces. This can be due to capillary effects, surface roughness, porosity and high surface
oxygen content as seen from XPS data (Table 3), which can be mainly assigned to polar carbonyl

and carboxyl groups.
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3.1.6. Wicking Properties

As explained earlier, SCA measurements alone do not enable one to fully understand the
hydrophilicity of nanofibrous materials. Therefore, wicking was proposed as a complementary
method of investigation. Wicking is the spontaneous uptake of a liquid into a porous substrate,
driven by capillary forces. Table 4 presents the wicking time for a 2 cm liquid rise in plasma-
etched ePET mats, compared with the pristine “non-wetting” one, for which no capillary rise was
observed. This supports SCA measurements, which showed that plasma etching significantly

increased the wettability of electrospun PET mats.

Table 4 Static contact angle and wicking time of pristine and plasma-etched electrospun mats.

Static Contact

Angle (") Wicking time (s)
ePET 13743 N.A. (non-wetting)
[P—Ar—O0, 0 45
LP—O, 0 5
HP Corona 0 8.5
Asher-0, 0 8.5
Asher-0,-CF,4 0 9

3.2. Tensile Tests

The tensile properties of pristine and plasma-etched mats were measured in the length direction of
the 0.5 cm x 2 cm sample strips. The effects of plasma etching by “LP, “HP” and asher at different
treatment times are depicted in Figure 3 and Figure 4; the latter also shows selected literature data
for ePET after NaOH wet-chemical etching [15], and for femoral artery [48], for comparison.
Young’s modulus, tensile strength and elongation at break were all found to decrease significantly
with rising treatment time (Figure 3). Interestingly, shorter treatment times sufficed for the plasma
asher to achieve similar reduction in Young’s modulus as with LP and HP plasma (Figure 4). For
this reason, no longer treatment duration was investigated with plasma asher. We had noted earlier
that LP and HP plasma etching both introduced micro-pit surface defects, and that they led to fiber

degradation after longer exposure times (see Figure 2). Thus, observed decreases in tensile
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properties with rising treatment times are not unexpected. Surprisingly, as also noted earlier,
micro-pits and -cracks were not observed on fibers treated in the plasma asher, even though the
PET erosion rate was high [40, 41], especially for O2-CF4 etch (Table 2). Here too, plasma etching
resulted in significant decrease in Young’s modulus, tensile strength and elongation at break.
These might be due to more intense short-wavelength VUV irradiation in the microwave plasma,
resulting in more chain scissions. This may be particularly significant for the present highly porous
nano-fibrous mats, because plasma can be sustained inside the pores and VUV can affect a
significant fraction of the fibers’ volume in spite of its shallow penetration depth (a few tens of nm
[29, 49-51]). To further examine possible chain scission effects, intrinsic viscosity and molecular

weight measurements were carried out; the results are discussed in the following section.

Young’s modulus was calculated from the linear portion of the stress-strain curve, and data are
presented in comparison with values from the literature. Young’s moduli and tensile strengths of
plasma-etched PET mats are comparable to those of natural arteries (see Figure 4). On the other
hand, elongation at break was found to be less than that of arteries in all cases. However, even
though uni-axial tensile testing allows one to assess elastic properties of the fabricated scaffolds,
it does not provide a direct measure of compliance (a multi-axial property). Therefore, further tests
are desirable, particularly ones designed to evaluate compliance and fatigue resistance of tubular

multilayered graft prototypes; this is the subject of ongoing work.
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Figure 3 Effect of etch duration on mechanical properties of pristine and plasma-etched aligned
ePET mats (three experiments, at least 12 samples in each experiment). (A) Young's modulus;

(B) tensile strength; (C) elongation at break.
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Figure 4 Mechanical properties of pristine and plasma-etched aligned ePET mats (three
experiments, at least 12 samples in each experiment). (A) Young's modulus; (B) tensile strength;
(C) elongation at break; (D) yield strength. Yield strain did not change significantly for plasma-

etched samples compared with pristine ones.

3.2.1. Low-cycle strain-controlled accelerated fatigue testing

For further experiments, an asher-etched ePET mat (Asher-Oz, 5min) was chosen, because it
provides similar reduction of Yong Modulus as other etch treatments, but for short treatment
duration, no significant alteration of the fibers’ morphology and no F content. Stress-Strain curves
(N=1; 1,000,000 cycles) of pristine ePET and of mats etched with the plasma-asher (Asher-O.) are
depicted in Figure 5. The loading / unloading curves did not change with increasing numbers of
cycles. Therefore, after a large number of 10 Hz cycles the samples’ mechanical properties were
unchanged, which is of course highly desirable for the application considered in this study. In

addition, some minor hysteresis (a possible difference between loading and unloading, which

21



represents energy loss in the system) did not significantly change with the number of cycles at this
frequency, as evidenced by the constant area between loading and unloading curves. No signs of
sample damage (buckling and deformation) were observed during experiments. However, while
fatigue testing of planar mats does allow one to assess fatigue behavior, more detailed studies on
tubular multilayered prototype grafts will be desirable to understand their behavior in the real

applications.

# Cycle 1{PET)
B Cycle 1,000,000 [ePET)

Stress(MPa)

Cyecle 1 (ePET-etched)
Cycle 1,000.000 (ePET-etded)

0 0.5 1 1.5 2
Strain (%£)

Figure 5 Strain-stress diagrams (loading and unloading) for pristine and plasma-etched aligned
ePET mats, at cycle numbers 1 and 1 000 000.

3.2.2. Intrinsic Viscosity and Molecular Weight

In the preceding section, we postulated that plasma etching might entrain chain scissions,
leading to lower average chain lengths (reduced molecular weight). This might originate from both
ion bombardment (LP-type plasma) and VUV irradiation, for example the 130 nm emission from
atomic oxygen [41, 52] and /or energetic photons from excited argon or fluorine in certain LP and
plasma-asher treatments. Such effects are greatly enhanced when the samples’ surface-to-volume

ratio is large, clearly the case for electrospun material.

Table 5 shows significant reductions in intrinsic viscosities and viscosity My values for the cases
of plasma-etched mats after different plasma-etching procedures. These results agree with SEM

images of the treated mats, where surface degradation was observed for samples etched by LP-
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plasma in Oz and Ar+O> mixture. Decreases are also seen to be appreciable for HP- and asher-
etched samples, compared with the pristine sample values. This would therefore confirm that the
nanofibrous polymer was indeed subject to chain scissions, resulting in reduced average chain
lengths and lower values of elastic modulus [31, 52, 53].

Table 5 Inherent and intrinsic viscosities and viscosity molecular weights for pristine and

plasma-etched mats

ePET LP—0, LP—0,-Ar HP 0,—CF4-asher 0,-asher
(pristine) 15min 15 min 15min 1min 5 min
Inherent viscosity [dL-g™}] 0.94 0.31 0.24 0.57 0.54 0.64
Intrinsic viscosity [dL-g }] 1.00 0.32 0.24 0.59 0.55 0.67
Viscosity Mv [g-mol_l] 92450 19500 13275 44 620 41255 53490

3.2.3. Differential Scanning Calorimetry (DSC)

DSC measurements were performed on all samples. Presumably, the glass transition (Tg), cold
crystallization and melting point temperatures correspond to the three peaks on the DSC
thermograms (Figure 6), in order of rising T, all for first heating runs. Cold crystallization and
melting peaks occurred at 127 °C and 252 °C in the thermograms of both pristine and etched
nanofibers, but no cold crystallization peak was observed for the case of a PET pellet since it was
already partially crystalline. However, the melting temperature (252 °C) of the pellet and ePET
were the same. Hence, no major differences in thermal properties were observed between pristine
and plasma-etched samples, suggesting that crystallinity did not change appreciably in the course
of plasma exposure. Differences between PET mats and pellets (particularly Tg) are probably due
to very rapid solidification during solvent evaporation while electrospinning: this presumably does

not allow enough time for macromolecular ordering.
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Figure 6 DSC thermograms for PET pellet, pristine and plasma-etched ePET mats, during first
heating.

3.3. Cell Adhesion, Viability and Proliferation on Pristine and Plasma-Etched

Substrates

3.3.1. Cell adhesion and growth

Cell adhesion and -growth was observed on both pristine and plasma-etched mats (Asher-Oz, 5
min) using the AlamarBlue assay. As already pointed out above, asher-etched ePET mat (O, 5
min) was chosen because its mechanical properties are comparable to those of natural arteries, and
because the fibers’ surface morphology was unchanged (see Table 3). No significant difference in
cell adhesion was observed between pristine and plasma-etched samples, which showed similar
results as control PCP 24h after seeding (Figure 7).

Cell growth after 7 days was quite limited on pristine ePET, but significantly (p <0.05) greater on
the plasma-etched mat (Figure 7). Even more cells were found on PCP (p <0.05) on day 7, but
this should not be taken into account, because cells could migrate in PCP wells during the growth
period and cover all areas of the well. In contrast, ePET mats were transferred to new wells before
the Alamar-Blue assay, to prevent counting cells which migrated and grew on the bottoms of wells.
The observed high cell count on plasma-etched mats was expected, because a similar increase had
already been observed following wet-chemical or plasma treatments in Oz, CO> or air, for the case
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of both polymer films and electrospun mats [15, 54, 55]. It is probably due to their different surface
properties (hydrophilicity, O-containing functional groups, and somewhat increased surface
roughness). These may improve cell adhesion and growth via increased adsorption of proteins
from the culture medium or from cell secretions, in agreement with other studies [15, 35].

6000
5000 I *
4000 * I

3000 I m D1
2000 D7

Fluorescence units

1000

PCP ePET ePET-Asher

Figure 7 Adhesion 24 h and growth 7 d of VSMCs on pristine and plasma-etched substrate
(PCP: tissue-culture polystyrene; ePET: electrospun mats; e-PET-Asher: plasma-etched mats)
(n= 8 for each). * Significant difference between pristine and plasma-etched ePET at day 7
(» <0.05).

3.3.2. Cell morphology

Cell morphology was visualized on the pristine and plasma-etched mats at day 7 by SEM (Figure
8). Cells spread on both mats and oriented along or bridged between neighboring fibers. Also, they
displayed a spindle-like contractile phenotype and multicellular network, and they penetrated
inside the voids of both types of mats. This observation agrees with other studies that show cell
migration towards the inside of nano- or micro-fibrous matrices with large pore sizes [14] [15, 56,
57]. However, SEM images merely allow one to observe cell infiltration into the very top layers
of the mats; additional study by confocal microscopy is required to evaluate their deeper

penetration.
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Figure 8 SEM micrographs of electrospun nanofiber mats with VSMCs after 7 d of growth: (A)
pristine mat (ePET); (B) mat after plasma-etching (scale bar: 50 um).

4. General Discussion and Conclusions

Mimicking the mechanical properties and structure of the media layer of blood vessels plays a
key role in the clinical outcomes of engineered vascular graft (VG). Fabrication of a biocompatible,
compliant matrix with defined structure that enables the growth of circumferentially-oriented
smooth muscle cells (SMCs) remains a challenge [4]. Orientation is the key requirement for SMCs,

because they are spindle-shaped and circumferentially aligned [57].

In the present study, cost-effective and easily-implemented electrospinning with a high speed
rotating mandrel was used to approximate morphology and mechanical properties of the VG’s
SMC layer. Highly porous electrospun PET mats (ePET) were prepared with fibers well-aligned
along the mandrel’s circumference, advantageous for SMC growth. PET was selected because it
is stable, inexpensive and cytocompatible, with tunable properties, and because several PET-based
vascular implants already received FDA-approval [15, 19]. The main challenge has been
excessively-high mechanical properties in the circumferential direction of the spin-aligned mats
(most particularly, their high Young’s modulus). Therefore, an environmentally benign process,

plasma-etching, was chosen to fine-tune the mats’ mechanical and surface-chemical properties.

Significant decreases in Young’s modulus were observed following LP-, HP-, and asher-induced

plasma etching (Figure 4). Moreover, although there is a reduction in elongation at break, the

26



obtained tensile strengths are similar to those of natural arteries. These changes could be related
to the reduction in fiber diameters and to nano/micro-pit surface defects observed after extended
LP and HP plasma treatments. Chain scissions and concomitant decreases in molecular weight
were also observed with all three etching techniques, according to intrinsic viscosity
measurements (Figure 6). These can be attributed to reactive oxygen erosion, accompanied by ion
bombardment and VUV-induced reactions. These are responsible for the majority of chemical
alterations present, namely chain scissions accompanied by molecular weight reduction, cleavage
of the polymer backbone, and possibly some cross-linking, along with surface oxidation.
Prolonged etching duration could entrain deleterious effects on the ePET mats’ morphology, as
shown in Figure 2 for LP- and HP-plasma etched samples. Interestingly and fortunately, short-
duration treatments in the plasma-asher enabled one to attain a similar decrease in Young’s
modulus (Figure 4) without observable damage of the fibers, which remained smooth. In addition,
the average fiber diameter was reduced (Table 2) accompanied by a sharp increase in
concentration of O-bearing functional groups (Table 3). Therefore, plasma etching can offer good
control for tuning mechanical, morphological and surface-chemical properties of electrospun
fibrous mats [33, 34, 58]. The likely presence at etched surfaces of some low molecular weight
oxidized residues is not considered problematic, because they occur in very low concentration, are
unlikely to be cytotoxic and, in any event, dissolve upon immersion in (aqueous) cell-culture

media.

The morphology of the present aligned ePET mats (pristine and asher-etched (O2, 5 min)) proved
to be suitable for deep inward penetration of SCMs, for them to spread between fibers and along
their lengths, see Figure 8. Indeed, the fabrication conditions used yielded high porosity and a
relatively large average fiber diameter (Figure 2 and Table 2). This, and the ability of plasma to
be sustained deep within the porous mats facilitated the infiltration of SMCs; of course, the open
structure also enables ready exchange of nutrients and gas molecules. In addition to changes in
mechanical characteristics, which allow the present etched ePET mats to more closely mimic
natural blood vessels, plasma etching was also shown to have a large effect on wettability,
observed by SCA and wicking time of a dye solution (Table 4), turning the originally hydrophobic
mats into hydrophilic ones [34, 59, 60]. Increased wettability is, of course, favorable for cell
adhesion and —growth: The polar chemical functionalities created by plasma-etching, for example

hydroxyl, carbonyl or carboxylic groups, are known to favor cell adhesion and growth through

27



increased protein adsorption [61, 62], which integrin receptors on cells’ outer membrane, in turn,
“recognize” and bind to. Moreover, microscopic or sub-micrometer surface roughness can also
significantly affect the materials’ wettability and protein adsorption [34, 58]. These combined
effects showed a strong influence on cell growth after 7 days, compared with the pristine ePET
mats (Figure 7). Additional modification with bioactive factors can further improve the scaffolds

for VG applications, and this is the subject of ongoing investigations.

To conclude, in the present work LP- and HP-plasma etching, along with microwave plasma
ashing, have been applied to fine-tune the mechanical and surface properties of aligned electrospun
PET (ePET) mat scaffolds. The effects on morphology, mechanical properties, surface chemistry
/ wettability and bioactivity have been studied and reported here. Among the three etch techniques,
the plasma asher (with pure oxygen) seems to be most advantageous in terms of rapidity, minimal
apparent damage to fiber surfaces, along with efficacy in changing mechanical properties. Thus,
the combination of electrospinning and appropriate plasma-etching can provide an adequate (3D)
scaffold for the media layer of small-diameter vascular prostheses; more precisely, it enables one
to achieve finely-controlled structural, mechanical and surface properties that are required for VG

applications.
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