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Abstract
Arterial vein grafts (AVGs) often fail due to intimal hyperplasia, thrombosis, or accelerated
atherosclerosis. Various approaches have been proposed to address AVG failure, including delivery
of temporary mechanical support, many of which could be facilitated by peri-vascular placement of
a biodegradable polymer wrap. The purpose of this work was to demonstrate that a polymer wrap
can be applied to vein segments without compromising viability/function, and to demonstrate one
potential application; i.e., gradually imposing the mid-wall circumferential wall stress (CWS) in
wrapped veins exposed to arterial levels of pressure.

Poly(ester urethane)urea, collagen, and elastin were combined in solution, and then electrospun onto
freshly-excised porcine internal jugular vein segments. Tissue viability was assessed via Live/
Dead™ staining for necrosis, and vasomotor-challenge with epinephrine and sodium nitroprusside
for functionality. Wrapped vein segments were also perfused for 24-hrs within an ex vivo vascular
perfusion system under arterial conditions (pressure=120/80 mmHg; flow=100 mL/min), and CWS
was calculated every hour.

Our results showed that the electrospinning process had no deleterious effects on tissue viability, and
that the mid-wall CWS vs. time profile could be dictated through the composition and degradation
of the electrospun wrap. This may have important clinical applications by enabling the engineering
of an improved AVG.
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1. INTRODUCTION
Coronary artery bypass grafting is the most effective and most widely used treatment for
coronary artery disease, with nearly 500,000 procedures being performed annually in the US
[1]. In addition there are approximately 80,000 lower extremity bypass surgeries performed
each year [2]. The autologous saphenous vein graft remains the graft of choice for 95% of
surgeons performing these bypass procedures [3]. Despite their wide use, failure of arterial
vein grafts (AVGs) remains a major problem [4]: 12% to 27% of AVGs become occluded in
the first year with a subsequent annual occlusive rate of 2% to 4% [2]. Patients with failed
grafts will die or require re-operation.

Many attempts have been made to inhibit or counter-act the AVG failure modes of early
thrombosis, intimal hyperplasia (IH) and accelerated atherosclerosis, including local delivery
of genes [5] and drugs [6], as well as minimization of the compliance mismatch at the
anastomoses via external mechanical support [7–12]. IH has received the most attention as it
accounts for 20% to 40% of all AVG failures within the first 5 years [13].

There is substantial evidence implicating the abrupt exposure of AVGs to the dynamic
mechanical environment of the arterial circulation in the initiation of IH [7,14,15]. In particular,
the law of Laplace states that the circumferential wall stress (CWS) in a thin-walled blood
vessel such as a vein is directly proportional to its diameter and acting intraluminal pressure.
Indeed, the CWS can be increased 140 fold in a distended vein transposed to the arterial
circulation compared to that in a vein under normal circumstances [14], and this increase in
CWS has been shown to promote IH formation [7,16]. On the other hand, it has been shown
that increased levels of shear stress tend to modulate IH [17]. These two biomechanical factors,
seemingly causing opposing hyperplastic responses by AVGs, were carefully explored by
Dobrin et al., who showed that the increased circumferential stretch plays a more significant
role in promoting intimal thickening than the increased shear stress does in preventing it [16].
The thickening associated with IH is thought to be an attempt to return the CWS to venous
levels. However, many times this response is uncontrolled and can over-compensate, leading
to stenosis or occlusion instead of the desired thickening or “arterialization” of the vein
segment.

Preventing acute distension, and hence an abrupt increase in CWS (based on the law of Laplace)
of AVGs by adding an external support or sheath has seemingly improved various pathologic
responses [7–12]. However, these previous approaches have not resulted in a clinically viable
means for improving AVG patency, possibly because they utilized adventitially-placed wraps/
sheaths that were biodurable, and/or loose-fitting.

Attempts to inhibit or counter-act AVG failure mechanisms may be facilitated by the placement
of a conformal biodegradable polymer wrap on the adventitial surface by gradually imposing
arterial levels of CWS to the AVG. For such a wrap the following characteristics would be
desirable:

i. The biodegradation rate of the wrap should be tunable

ii. The wrap should be tight-fitting to control distension under arterial pressure

iii. The wrap must not affect tissue viability or functionality

One possible means to achieve the conformal placement of a biodegradable polymer wrap onto
an AVG is through the deposition of a microfibrils by electrospinning [18] immediately
following harvest and just prior to implantation. To our knowledge there have been no previous
reports of electrospinning a polymer onto living tubular tissues. The purpose of this work was
to demonstrate the feasibility of conformally depositing a tunable biodegradable polymer
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composite as an adventitial wrap to living vascular segments by electrospinning and to assess
its effects on tissue viability and functionality.

2. MATERIALS AND METHODS
2.1. Tissue harvest and transport

All animal procedures were performed under a protocol approved by the Institutional Animal
Care and Use Committee of the University of Pittsburgh. The porcine internal jugular vein
(PIJV) was chosen as a model because of its similarity in inner diameter and wall thickness to
the human greater saphenous vein, and because this tissue has previously been used to
investigate the pathologic response of veins exposed to arterial hemodynamic conditions [8,
12,19]. The surgical harvest procedure was performed in the manner of a saphenectomy for
bypass. Briefly, the anesthetized animal was placed in supine position, cervical incisions were
made bilaterally, and dissection was done in layers to the vascular fascia of the neck. Each
PIJV was identified and dissected proximal to the jugular confluence and distal to the jugular
foramen. All tributaries were identified and carefully ligated to avoid leakage. After the desired
length (6–8 cm) was exposed, the segment was cannulated on each end with duck billed vessel
cannulae. Just prior to explant, a custom-designed vascular clamp [20] was attached onto the
ends of the cannulae to maintain the in vivo length of the vessel following removal. The vessel
was then cut on either side between the clamped cannulae and the ligations. Immediately after
removal, the vessels were placed in a sterile transport box containing lactated ringers solution
supplemented with heparin (500 units/L), papaverine (60 mg/L), and Cefoxitin (1.0 g/L). The
time between tissue harvest and mounting into the perfusion system described below was
always less than one hour. The animal was euthanized upon completion of surgery according
to university guidelines.

2.2. Perivascular placement of electrospun polymer wrap
The biodegradable polymer composite used to form the adventitial wrap was based on the poly
(ester urethane)urea (PEUU) material developed by Guan et al. [21] and further characterized
in electrospun format by Stankus et al. [22,23]. This polymer undergoes hydrolytic degradation
in vitro into non-cytotoxic degradation products and has been shown to degrade to near
completion in vivo at approximately 3 months [24]. To control the degradation rate of the wrap,
a composite of PEUU, collagen, and elastin proteins was utilized, with protein addition used
to hasten mass loss.

PEUU was synthesized from poly(ε-caprolactone )diol and 1,4-diisocyanatobutane with
putrescine chain extension. PEUU, collagen, and elastin were combined in solution in
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), and then electrospun onto a PIJV segment using a
procedure explained in detail elsewhere [23]. Briefly, electrospinning conditions included a
mixture solution volumetric flowrate of 0.28 µL/s, a distance between nozzle and target of 17
cm, and electrical charges of +12 kV to the nozzle and −3 kV to the target. The target used for
fabrication of spun AVGs for implantation was a Type 316 stainless steel mandrel of 3 mm
diameter that was carefully inserted into the AVG lumen to avoid endothelial injury. The
mandrel and coaxial vein were rotated together at 250 rpm, and translated axially on a linear
stage at a speed of approximately 8 cm/s over 10 cm to produce a more uniform coating
thickness.

There were three parameters used to tune the mechanical properties and degradation rate of
the polymer: 1) the final polymer concentration in a mixture solution; 2) the
PEUU:collagen:elastin ratio in the mixture solution; and 3) the wrap thickness, which was
proportional to electrospinning time. A summary of all tested combinations of these parameters
is shown in Table 1.
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2.3. Scanning electron microscopy
The electrospun wrapped PIJVs were examined under scanning electron microscopy (SEM).
In short, tissue segments designated for SEM were fixed in ultrapure 2.5 % gluteraldehyde,
dehydrated through a graded series of ethanol solutions (30–100%), critical point dried
(Emscope, CPD 750, Ashford, Kent, UK), then overcoated with vaporized carbon (Cressington
Freeze Fracture Device, Cressington, Cranberry, PA, USA). The tissue was visualized using
a JEOL JEM-6335F field emission gun SEM (JEOL, Peabody, MA, USA).

2.4. Tissue viability
To assess the effects of the electrospinning process on tissue viability we examined PIJV
segments with (“spun”) and without (“sham”) the polymer wrap in place, as well as untreated
freshly excised (“control”) tissue. For the sham PIJV segments without the electrospun polymer
wrap, we mimicked the electrospinning process up to the point of actually placing the polymer
wrap (i.e., including the insertion of the mandrel and rotating/translating the vein within the
electrical field). Tissue functionality was assessed using an ex vivo vasomotor challenge as
previously described [20]. In short, vessel segments were cannulated, placed under a constant
intraluminal pressure of 20 mmHg, and exposed to incremental doses of epinephrine (EPI).
Throughout the experiment, outer vessel diameter (D) was continuously measured with a laser
micrometer [20]. The baseline diameter (Dbaseline) was measured before injection of the first
dose of EPI. EPI was subsequently injected to final concentrations of 2×10−5, 2×10−4, and
2×10−3 mg/mL at 1, 4.5, and 10 minutes, respectively. Following observation of maximal
vasoconstriction with each dose, each subsequent dose was administered. After administration
of the maximal dose of EPI, and observation of maximal level of constriction (Dconstricted), a
2 mL bolus of 25 mg/mL sodium nitroprusside (SNP) was injected to give a final concentration
of 0.125 mg/mL. The diameter at full dilation (Ddilated) was then recorded. The level of
constriction in response to EPI was calculated as:

(1)

Similarly, the level of dilation in response to SNP was calculated as:

(2)

Tissue viability was further examined using Live/Dead™ staining (Molecular Probes,
Carlsbad, CA, USA) of cryosections, according to manufacturer’s instructions to assess the
level of necrosis. Nuclei were counterstained with Hoechst 33258. Each segment (control,
sham control and spun) intended for Live/Dead™ staining was cut in half and placed in static
culture within a Petri-dish under standard incubator conditions. One-third of each segment was
assessed immediately after electrospinning, one-third after 18 hours of culture, and one-third
after 92 hours. 5 mm rings were cut from each sample and embedded in cryomatrix (TBS,
Durham, NC) then frozen. Five 8 µm sections were cut from each ring and imaged under 20x
magnification using an epifluorescent microscope (Nikon, Model E800, Melville, NY, USA).
Two images were taken per section so that a total of 10 fields of view were quantified per PIJV
segment. Scion Image (Version Beta 4.02, NIH, Bethesda, MD) was used to count the total
number of cells in a field of view. To determine the percentage of live cells in a field of view,
dead cells were counted manually, divided by the total number of cells, and multiplied by
100%. The percentage of dead cells was subtracted from 100% to calculate the percentage of
live cells.
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2.5. Demonstrative application: Gradual imposition of CWS to AVGs
Since it is believed that an abrupt exposure of AVGs to arterial levels of CWS may contribute
to their failure modalities [7,14,15], we believe that one potential application of the electrospun
biodegradable polymer wrap would be to gradually expose AVGs to arterial levels of CWS.
Previous attempts to limit CWS using an external sheath have not been fully successful because
they were either biodurable and/or loose fitting [7–12]. To demonstrate how the wrap described
here may modulate CWS, and may be tuned to achieve desired results, we examined the CWS-
over-time profile for each of the wrap combinations given in Table 1 and compared these to
unwrapped vein segments exposed to venous or arterial conditions. This was achieved using
the data collected from ex vivo perfusion experiments and a mathematical model for CWS.

Vein segments were mounted in our well established, validated ex vivo vascular perfusion/
organ culture system [19,20]. Briefly, the closed loop perfusion design allows the circulation
of sterile perfusate (330 mL tissue culture Media 199 supplemented with 1% fetal bovine serum
and 1.0 g/L cefoxitin) through the vascular segment as well as circulation of an adventitial bath
(1 L DMEM with 1% fetal bovine serum and 1.0 g/L cefoxitin) within a sealed chamber. Both
the perfusate and bathing media were maintained at 37 °C and physiologic levels of dissolved
gasses. Experiments utilized one of two simulated hemodynamic conditions [19] – either native
venous (VEN) or arterial (ART) conditions. To simulate VEN hemodynamics the perfusion
loop was set to provide nonpulsatile flow of 20 mL/min and pressure of 20 mmHg. To simulate
ART hemodynamics, the system was set to provide a pulsatile pressure waveform of 120/80
mmHg with a mean perfusate flow of 100 mL/min. Separate experiments were performed to
examine unwrapped veins under VEN or ART conditions, and wrapped veins under ART
conditions (wART). Each perfusion experiment lasted for 24 hours with intraluminal pressure,
outer diameter and flowrate being measured every hour. Vein segments were then analyzed
histologically as described below.

For biomechanical modeling purposes, consider the schematic in Figure 1 showing an idealized
cross section of the vein/wrap complex. The outer layer of the bi-layer compound tube is taken
as the electrospun polymer wrap and the concentric inner layer is the vein segment. The
mathematical model developed by Vorp et al. for a three-layered bioresorbable graft [25] was
adapted for the two-layered geometry represented by Figure 1. Following a similar derivation
under similar assumptions as previously described [25], the circumferential wall stress, CWS,
at any radius, r, within the inner (vein) layer shown in Figure 1, we obtain:

(3)

where a and b are the inner and outer radii, respectively, of the vein layer. Pi is the internal
pressure, and P2 is the interfacial pressure acting between the two layers of the concentric
cylinder resulting from their difference in mechanical properties. If we assume that for the case
shown in Figure 1 Po = 0 (i.e., atmospheric pressure), and use a similar derivation as done
previously [25], we find for P2:

(4)

Here, ν is the Poisson’s ratio (assumed equal for the wrap and the vein), EV is the Young’s
modulus of elasticity for the vein and EW that for the wrap. Pi and the outer diameter (c) were
measured in our ex vivo perfusion experiments. Again using derivations and assumptions as
described in our previous report [25], we estimated the inner (a) and interfacial (b) radii for
each set of measured Pi and c, to yield:
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(5)

and

(6)

where L is the length of the vein segment, and the subscripts p and u refer a quantity to its
pressurized state within the perfusion system and its unpressurized state on the benchtop,
respectively. Substituting equation (4),equation (5) and equation (6) into equation (3), and

evaluating at the mean arterial pressure and at , we can calculate the mid-wall CWS
in the polymer wrapped vein from equation 3. We used EW = 7.5 MPa [23], EV = 600 KPa
[26], and ν = 0.5 (i.e., both materials assumed to be incompressible) in our calculations.

2.6 β-stiffness
Inner diameter (OD) and intraluminal pulsatile pressure (P) were measured each hour and used
to calculate the β-stiffness (β) of both spun and sham control PIJVs. Using a sampling frequency
of 150 Hz, the hourly measurements were made for 5 seconds so that approximately 5 complete
pulse cycles of data were collected. The acquired signals were then filtered and plotted. Using
the maximum (ODs and Ps) and minimum (ODd and Pd) values for each cycle, β was calculated
from [27]:

(7)

The 5 values were averaged and a single value β was calculated every hour over the 24 hour
perfusion.

2.7. Histology
Following removal of the veins from the ex vivo perfusion system, they were fixed in 2%
paraformaldehyde for 4 hours at 4°C followed by 30% sucrose at 4°C overnight. 5 mm tissue
rings were cut, washed with PBS, embedded in paraffin, and cut into 5 µm sections. The tissue
sections were either stained with hematoxylin and eosin (H&E), or Masson’s trichrome (MTC)
stains. Stained tissue sections were then visualized using an Olympus Provis light microscope
(Olympus, Center Valley, PA, USA) and compared qualitatively.

2.8. Statistics
For the vasomotor challenge data, a paired student’s t-test for means was performed, and
P<0.05 was considered statistically significant. Unless indicated otherwise, data are given as
mean ± standard error of the mean.

3. RESULTS
The electrospun adventitial wrap exhibited high porosity and tight adherence to the adventitial
surface of the veins (Figures 2A–C), which suggests that the wrap would provide structural
support to an AVG without inhibiting adventitial nutrient and gas diffusion into the tissue.
Another important observation was that the electrospinning process did not appear to damage
the endothelial layer, which remained continuous (Figure 2D).
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The results of a typical vasomotor challenge experiment are shown in Figure 3. The sham PIJV
segment responded in a predictable dose-dependent manner to stimulation with EPI, while the
spun PIJV exhibited a single contraction commencing with the lowest dose of EPI. Vasodilation
in response to SNP was similar for both the control and spun PIJVs, each resulting in a larger
outer diameter than that at baseline, suggesting a certain level of basal tone in both the sham
and spun PIJVs. Overall, there was no significant difference in the level of contraction (Figure
4A) or dilation (Figure 4B) between sham and spun PIJV segments. Furthermore, there was
no significant difference in Live/Dead™ staining between each experimental group for each
timepoint (data not shown).

Histologic images were consistent with the SEM images in that they also showed the polymer
wrap to be well attached to the adventitial surface of the vein and that the electrospun polymer
composite achieved an approximately uniform thickness of 200 µm (Figure 5A and 5C).
Further, the fibrillar coating was nearly completely lost following the 24 hour perfusion period
(Figures 5B and 5D).

The structural support offered to veins by the wrap is evident when the outer diameter of
wrapped veins under ART conditions is compared to that for unwrapped veins (Figure 6A).
Figure 6B shows that spun PIJVs appear to be less stiff than sham controls when exposed to
ART conditions.

The CWS-over time profile for the polymer solution combinations of Table 1 were quite
variable (Figure 7). In one case (combination B), the wrap degraded too quickly and resulted
in a rapid increase in CWS under ART conditions. Other combinations (C and D) did not
degrade quickly enough and resulted in no appreciable increase in CWS over a 24-hour period.
Combination A degraded at a rate which resulted in a nearly linear variation over the 24-hour
period between VEN and ART levels of CWS. This combination was repeated (N=7) and the
effect was found to be repeatable.

4. DISCUSSION
The work presented in this report shows, that a biodegradable electrospun polymer wrap can
be safely (Figure 2–Figure 4) and uniformly (Figure 5) electrospun onto vein segments, and
that the wrap can be tuned to completely degrade (Figure 5) such that CWS is applied to an
AVG at a desired rate (Figure 7).

The use of an external sheath around vein grafts was first described by Parsonnet et al. [11].
They showed that the sheath prevented dilatation and that it was well accepted by the host
tissue [11]. Karayannacos et al. showed reduced thrombosis and sub-endothelial proliferation
in AVGs with both loose- and tight-fitting Dacron mesh sheaths compared with unsupported
control grafts [9]. Mehta et al. demonstrated that placement of an external, macroporous,
nonrestrictive, polyester stent reduces neointima formation in porcine vein grafts [28]. More
recently, polytetrofluoroethylene sheaths were used to permanently restrict AVGs from
expansion under arterial pressure and this led to reduced IH formation in a pig model [10].
Clinical translation of permanent mechanical support to AVGs has not yet been reported, most
likely due to the unfavorable inflammatory response to biodurable synthetic materials in
vascular applications [29]. This limitation motivated Vijayan et al. and Jeremy et al. to use a
polyglactin based biodegradable sheath to reduce IH in AVGs [8,12]. The noted beneficial
effects included enhanced neo-vasa-vasorum development over unwrapped controls [12].
However, these biodegradable sheaths were loose-fitting and allowed the AVGs to expand to
their maximum diameters under arterial pressure, and thus did not offer mechanical support
against the increased level of CWS. Huynh et al. used a temporary, non-restrictive, external
collagen tube support to reduce IH formation in rabbit vein grafts, but no mention of the
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degradation kinetics was reported [7]. It is known, however, that cross-linked collagen
degrades very rapidly in an aqueous solution [30] and hence the structural support offered to
AVGs by sheaths made of collagen alone may not be effective over the long-term. An external
AVG sheath developed by Liao et al. was designed to degrade at a desired rate in order to
transfer CWS to an AVG gradually over time [31]. Poly lactic-co glycolic acid sheets were
prefabricated into tubes by wrapping around a Teflon rod, and therefore are not customizable
to each AVG [31]. Therefore, this approach also allows expansion of an AVG under arterial
pressure before delivering any mechanical support. The degradation kinetics and resulting
CWS vs. time profile in the sheaths, not in the mid-AVG-wall as described here, were reported
[31]. Our approach addresses the two major limitations associated with this previous work,
specifically with respect to biodurable and/or non-restrictive external sheaths. Another
advantage of a tight-fitting AVG wrap would be that a restriction in diameter would have a
dually beneficial effect. That is, there would be a reduction in CWS as well as an increase in
shear stress which both have been shown to attenuate IH development in AVGs [7,17].

Delivery of mechanical support to AVGs is but one possibility for an adventitial wrap. Other
applications could be as a vehicle for the local delivery of biochemicals, drugs, genes, or cells.
Kohler et al. used a biodegradable mesh to deliver paclitaxel to effectively reduce IH at the
graft-vein anastomosis in a sheep model of dialysis access [6]. Such activities could
theoretically be incorporated using the electrospun polymer wrap technique, with the potential
to control the delivery rate to some extent by tuning the degradation rate of the electrospun
polymer wrap.

Some limitations of this report should be noted. Although the Live/Dead™ assay is widely
used to evaluate necrosis in living cells and tissues, it arguably was not ideally suited for our
application. This was due to the limited distance the reagents were able to diffuse through the
thickness of vascular tissue. However, the vasomotor challenge data indicated that the spun
PIJV was able to contract with the same intensity as the sham control which demonstrated the
functional viability of the SMCs comprising tissue. Finally, we would have ideally compared
the vasomotor responses of the sham and spun PIJVs to a baseline control response. However,
obtaining a third segment of PIJV for immediate testing was not feasible since we could only
harvest two PIJV segments per animal.

5. CONCLUSIONS AND FUTURE OUTLOOK
We showed here that a tunable, biodegradable polymer wrap can be applied to vein segments
via electrospinning without compromising viability or function, and demonstrated one
potential application; i.e., gradually imposing the mid-wall CWS in wrapped veins exposed to
arterial levels of pressure. The gradual imposition of arterial levels of CWS, rather than abrupt
exposure, may be an important new means to reduce the hyperplastic response of AVGs,
promoting instead safe arterialization.
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Figure 1.
Schematic showing a cross-sectional view of the vein /wrap complex.
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Figure 2.
(A) shows a low magnification SEM image of the PIJV segment with the electrospun polymer
deposited onto its adventitial surface. (B) is an SEM image (taken at 500x magnification) of
the adventitial surface of the PIJV after the polymer wrap was applied. Note the high porosity
of the polymer wrap. (C) is an SEM image (taken at 500x magnification) showing the
attachment of the polymer wrap to the vein. (D) is an SEM image (taken at 500x magnification
of the luminal surface of the vein and shows a continuous endothelium layer which appears to
have remained intact.
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Figure 3.
Representative vasomotor challenge results obtained using epinephrine (EPI) and sodium
nitroprusside (SNP) to stimulate both a spun and a sham control PIJV segment. Since SNP was
not administered until a full relaxation of the tissue was observed following stimulation with
EPI, SNP was administered at different times for the sham and spun PIJVs. Outer diameter
measurements of each PIJV segment over the duration of the experiments were normalized to
the baseline outer diameter which was measured prior to administration of the first dose of
EPI.
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Figure 4.
Results from vasomotor challenge experiments (N=4). There appears to be no significant
difference in the level of contraction or dilation between the sham control and spun PIJVs. The
data are presented as mean ± standard error of the mean.
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Figure 5.
H&E (A,B) and Masson’s trichrome images (C,D) for both before perfusion and after wrapping
procedure (A,C) and after 24 hours of ex vivo perfusion (B,D). Note the uniform thickness of
the polymer wrap prior to perfusion, and the absence of the polymer wrap in the post-perfusion
images. The single-headed arrow indicates the vessel lumen. The double-headed arrow in (A)
and (C) indicates the thickness of the polymer wrap, which was not detectable in (B) or (D).
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Figure 6.
(A): Normalized outer diameter over time for both sham and spun PIJVs under ART conditions.
Note that the normalized diameter of the spun veins is markedly reduced compared to sham
controls. Pressurized outer diameter (ODp) was normalized to unpressurized outer diameter
(ODup) for each vein. (B): β-stiffness values for both sham and spun PIJVs under ART
conditions over 24 hours.
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Figure 7.
Normalized CWS vs. time results from 24 hour ex vivo perfusions of electrospun polymer
wrapped PIJV segments for each combination of polymers as shown in Table 1. Normalization
was to CWSo, the mean CWS level measured in an unwrapped vein under venous conditions
(~25 KPa), which is represented by the lower dashed horizontal line. The middle dashed
horizontal line indicates the mean CWS in a coronary artery (~120 KPa) [32]. The upper dashed
line represents the mean CWS measured in an unwrapped vein (sham control) under ART
conditions (~1.75 MPa). In the legend, ET stands for electrospinning time.
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