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The thrombotic and hyperplastic limitations associated with synthetic small diameter vascular grafts
have generated sustained interest in finding a tissue engineering solution for autologous vascular
segment generation in situ. One approach is to place a biodegradable scaffold at the site that would
provide acute mechanical support while vascular tissue develops. To generate a scaffold that possessed
both non-thrombogenic character and mechanical properties appropriate for vascular tissue, a biode-
gradable poly(ester urethane)urea (PEUU) and non-thrombogenic bioinspired phospholipid polymer,
poly(2-methacryloyloxyethyl phosphorylcholine-co-methacryloyloxyethyl butylurethane) (PMBU) were
blended at PMBU weight fractions of 0–15% and electrospun to create fibrous scaffolds. The composite
scaffolds were flexible with breaking strains exceeding 300%, tensile strengths of 7–10 MPa and
compliances of 2.9–4.4� 10�4 mmHg�1. In vitro platelet deposition on the scaffold surfaces significantly
decreased with increasing PMBU content. Rat smooth muscle cell proliferation was also inhibited on
PEUU/PMBU blended scaffolds with greater inhibition at higher PMBU content. Fibrous vascular conduits
(1.3 mm inner diameter) implanted in the rat abdominal aorta for 8 weeks showed greater patency for
grafts with 15% PMBU blending versus PEUU without PMBU (67% versus 40%). A thin neo-intimal layer
with endothelial coverage and good anastomotic tissue integration was seen for the PEUU/PMBU
vascular grafts. These results are encouraging for further evaluation of this technique in larger diameter
applications for longer implant periods.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Autologous vascular segments, primarily the saphenous vein,
are routinely used for arterial bypass procedures to address
vascular occlusion in coronary and peripheral artery diseases.
While venous segments are not ideal, and are susceptible to intimal
hyperplasia and accelerated atherosclerosis, they perform much
better than synthetic vascular grafts in small diameter applications.
Below approximately 4 mm internal diameter, synthetic grafts are
rarely employed due to acute failure from thrombotic occlusion or
failure in months due to intimal hyperplasia. A tissue engineering
generative Medicine, Univer-
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er).
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approach which would allow for the ultimate generation of an
autologous vascular segment is thus attractive [1]. Using a biode-
gradable scaffold that would provide acute mechanical support
while vascular tissue develops at the site is one approach.

Several vascular scaffolds have been developed based on
a variety of hydrolytically labile polyesters [2]. Many of these
scaffolding materials are inherently stiff and lack the ability to
match the compliance of the native vessels to which a scaffold
would be anastomosed. This mechanical mismatch is hypothesized
to drive graft failure mechanisms [3]. Thrombus formation occur-
ring soon after blood perfusion would also be a major concern that
would limit application of many of these materials as scaffolds for
blood vessels developing in situ.

Numerous studies have independently evaluated the challenges
of developing mechanically appropriate vascular conduits and non-
thrombogenic blood contacting surfaces. Compliance matching has
been pursued in terms of polymer selection, most notably in the
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development of biodegradable elastomers [4–6], and also in terms
of polymer processing [6–8]. To reduce thrombogenicity, some
notable techniques including surface or compositional modification
with non-thrombogenic substances [9–12], endothelialization [13–
15], nitric oxide release [16] and stem cell seeding [17,18] have been
developed. The bioinspired phospholipid polymer, 2-meth-
acryloyloxyethyl phosphorylcholine (MPC), and copolymers con-
taining MPC have been utilized to abrogate thrombogenesis on
a variety of biomaterials by surface chemical grafting [19,20] and
blending [21,22].

Our objective in this study was to develop a compliant conduit
that could serve as temporary vascular scaffold and facilitate tissue
integration in situ while avoiding acute thrombosis. An electrospun
biodegradable elastomer, poly(ester urethane)urea (PEUU, Fig. 1A)
was employed as a scaffolding material that would be able to match
native vessel compliance while also providing good surgical
handling properties. We hypothesized that PEUU alone would not
be adequately non-thrombogenic and that a second component
would be needed to impart this activity We thus investigated the
processing of blends between PEUU and the MPC-containing
copolymer poly(2-methacryloyloxyethyl phosphorylcholine-co-
methacryloyloxyethyl butylurethane) (PMBU, Fig. 1B). After evalu-
ating the morphological, mechanical and cell interaction properties
of the blended materials in vitro, we electrospun fibrous conduits of
1.3 mm internal diameter for evaluation in vivo as end-to-end aortic
replacements in a rat model with an evaluation period of 8 weeks.

2. Materials and methods

2.1. Materials

Polycaprolactone diol (number average molecular weight¼ 2000, Sigma) was
dried under vacuum for 48 h to remove residual water. 1,4-Diisocyanatobutane
(Sigma) and putrescine (Sigma) were distilled under vacuum. Dimethyl sulfoxide
(DMSO, Sigma) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Oakwood Products,
United States) were used as received. Stannous octoate (Sigma) was dried over 4-Å
molecular sieves. PEUU was synthesized as previously reported [23]. Poly-
(methacryloyloxyethyl phosphorylcholine-co-methacryloyloxyethyl butylurethane)
(PMBU) (molar ratio¼ 30/70), which was synthesized as previously reported
[24,25], was kindly provided by Professor Kazuhiko Ishihara of the University of
Tokyo, Department of Materials Engineering.

3. Electrospinning of MPC copolymer and PEUU

PEUU in HFIP was blended with PMBU at 0, 5, 10 and 15 wt% (of
PEUU) to obtain a 6 wt% solution. The mixed solution was fed at
poly(2-methacryloyloxyethyl phospho
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Fig. 1. Chemical structures of
1 mL/h by syringe pump (Harvard Apparatus, United States) into
a steel capillary (inner diameter¼ 1.2 mm) that was suspended
15 cm over a stainless steel mandrel (19 mm diameter for sheet and
1.3 mm diameter for tube) rotating at 250 rpm. The mandrel was
located on an x–y stage (Velmex, United States) that reciprocally
translated in the direction of the mandrel axis at a speed of 5 cm/s
and with an amplitude of 8 cm. Two high-voltage generators
(Gamma High Voltage Research, United States) were employed to
charge the steel capillary to 10 kV and the mandrel to �10 kV
respectively. Electrospinning of the polymer solution proceeded for
approximately 4 h for a sheet or 45 min for a conduit, after which
the deposited fibrous sheet or conduit was removed from the big or
small mandrel, respectively. The sheets and conduits were dried in
a vacuum oven at room temperature overnight. PEUU, PMBU5,
PMBU10 and PMBU15 refer to fibrous sheets or conduits con-
structed from PEUU blended with 0, 5, 10, and 15 wt% PMBU
respectively.
3.1. Electrospun sheet and conduit characterization

The morphologies of electrospun PEUU/PMBU blended sheets
were observed under scanning electronic microscopy (SEM, JSM-
6330F, JEOL) after gold coating. The change of fiber diameter before
and after immersion in PBS at 37 �C for 24 h was measured by
image processing software ImageJ (NIH, United States).

The surface composition of the samples was analyzed by X-ray
photoelectron spectroscopy (XPS) using a Surface Science Instru-
ments S-probe spectrometer with a take-off angle of 55�. This
take-off angle corresponds to a sampling depth of approximately
5 nm. Elemental composition spectra were acquired using a pass
energy of 150 eV. High-resolution C1s spectra were acquired at an
analyzer pass energy of 50 eV. The Service Physics ESCAVB
Graphics Viewer program was used to determine peak area,
calculate the elemental compositions from peak areas and peak fit
the high-resolution spectra. The surface composition on a given
sample was averaged from two composition spots and one high-
resolution C1s analysis. The mean value for three different
samples was determined.

Strips of 2� 20� 0.2 mm cut from the electrospun sheet were
used for tensile mechanical testing on an MTS Tytron 250 Micro-
Force Testing Workstation at a 10 mm/min crosshead speed,
according to ASTM D638-98. At least four samples were tested for
each sheet.
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Dynamic compliance measurements were performed using
a previously described perfusion bioreactor system [26]. The
system was primed with saline and delivered physiologic, arterial,
pulsatile intraluminal pressure (120/80 mmHg) at minimal flow
(w10 mL/min). Briefly, a Biomedicus centrifugal pump connected
via Tygon� tubing to a tissue testing chamber produced sinusoidal
pulsatile pressure and flow consistent with physiologic values. An
additional flow loop consisting of a roller pump (Masterflex, Cole-
Parmer, Vernon Hills, IL) and a heat exchanger placed into a water
bath (Fisher Scientific) recirculated warm saline into the chamber
to maintain a temperature of 37 �C during testing. Two pressure
transducers (Model TJE, Honeywell – Sensotec Co., Columbus, OH)
placed equidistant upstream and downstream of the vessel centre
were used to measure intraluminal pressure. The pressure in the
center of the vessel was then calculated as the average between the
proximal and distal pressure transducer measurements. The outer
diameter of the pressurized scaffolds was measured with a He–Ne
laser micrometer (Beta LaserMike, Dayton, OH). Both pressure and
diameter signals were automatically recorded at 30 Hz for 1 min.
Dynamic compliance, C, was calculated from recordings of pressure,
P and outer diameter, OD as:

C ¼ ðOD120 � OD80Þ
OD80

1
ðP120 � P80Þ

(1)

3.2. Ovine blood platelet deposition

Whole blood was collected with an 18 gauge needle by veni-
puncture from a healthy ovine donor following NIH guidelines for
the care and use of laboratory animals. After discarding the first
3 mL, the collected blood was immediately added to monovette
tubes containing 0.3 mL of 0.106 M trisodium citrate (Sarstedt,
Newton, NC). Sample disks (7 mm diameter) were incubated in BD
Vacutainer� tubes containing 5 mL citrated ovine blood and incu-
bated for 4 h at 37 �C under gentle rocking. The samples were then
rinsed thoroughly with 50 mL phosphate buffered saline (PBS; BD
Biosciences, San Jose, CA) and immersed in 0.5 mL of 2% Triton X-
100 solution (Sigma) for 20 min to lyse surface adherent platelets.
The number of platelets deposited on the samples was then
determined indirectly by a lactate dehydrogenase (LDH) assay with
an LDH Cytotoxicity Detection Kit (Takara Bio, Japan) [27]. Cali-
bration of spectrophotometer absorbance results to platelet
numbers was accomplished using a calibration curve generated
from known dilutions of ovine platelet rich plasma in the lysing
solution. To observe the morphology of deposited platelets,
samples were incubated with ovine blood as described above. The
surfaces were then rinsed with PBS and immersed in a 2.5%
glutaraldehyde solution for 2 h at 4 �C. The sample surfaces were
observed by SEM after dehydration and sputter coating.
3.3. Rat smooth muscle cell (RSMC) adhesion and growth

Electrospun samples (6 mm diameter) were obtained by stan-
dard biopsy punch and sterilized by exposure to the ultraviolet light
source in a laminar flow cell culture hood (Class II A/B3 Biological
Safety Cabinet). After rinsing thoroughly with PBS, they were fit
into the bottom of a 96-well tissue culture plate.

To evaluate RSMC adhesion, 15�104/mL RSMCs were seeded
onto the surfaces and after 24 h, mitochondrial activity (MTT assay,
Sigma) was evaluated. The attachment ratio was calculated as
ODsample/ODTCPS� 100% (OD: optical density). For cellular prolifer-
ation, RSMCs were seeded at density of 5�104/mL. The culture
medium (DMEM (Lonza) supplemented with 10% fetal bovine serum
(Lonza) and 5% penicillin/streptomycin solution (Lonza)) was
replaced every 2 d. A mitochondrial activity assay was evaluated at 1,
3 and 5 d with tissue culture polystyrene (TCPS) surface as a control.

To qualitatively verify that the mitochondrial assay results cor-
responded to cell numbers and to evaluate cell morphology,
samples at days 1, 3 and 5 were fixed in a 2.5% glutaraldehyde/PBS
solution. After PBS rinsing, samples were then immersed in 0.5%
Triton X-100 (Sigma) solution for 45 min, and rhodamine phalloi-
din (1:250, Invitrogen) was added to stain alpha-smooth muscle
actin (a-SMA) for 30 min. After washing with PBS three times,
cellular nuclei were stained by DRAQ5 (1:1000, Biostatus) for 1 h.
After another three PBS rinses, the sample surfaces and cellular
morphology were observed under confocal laser scanning micros-
copy (Olympus Fluoview 500).

3.4. In vivo assessment

A rat model was utilized to compare PEUU and PMBU15
conduits (1.3 mm inner diameter) as segmental aortic replace-
ments following NIH guidelines for the care and use of laboratory
animals. Young Lewis rats (female, 300 g, Charles River Laborato-
ries) were anesthetized with isofluorane (2% for the induction and
1% for the maintenance) and a single dose of 5 mg/100 g ketamine
IM. Briefly, a midline laparotomy incision was made and the
abdominal aorta exposed below the renal arteries. Microclamps
were applied to the infrarenal aorta, proximally and distally, and
the vessel was sectioned in between the clamps creating a gap of
approximately 1 cm. The PEUU (control) and PMBU15 grafts to be
implanted were trimmed on both edges to obtain a 1 cm long
construct and then sutured in place to the native aorta in an end-to-
end interrupted anastomotic pattern with 10.0 prolene (Johnson &
Johnson). Finally, the muscle layer and skin were closed with 3-
0 polyglactin absorbable suture (VICRYL, Ethicon, Inc.). Anti-
platelet therapy was started after the surgery with aspirin and
dipyridamole (200 mg PO daily during the first week and 100 mg
PO daily after the first week until elective sacrifice). After 8 weeks,
rats were heparinized, sacrificed and fluoroscopy was immediately
performed to evaluate vessel patency. The aorta was explanted
with native tissue segments above and below the vascular graft,
and this tissue was fixed in a 10% formaldehyde solution. Images of
the longitudinal section were observed under SEM (Hitachi S-
2460N) after dehydration and gold coating. Masson trichrome
staining was performed on paraffin embedded sections, while
immunohistologic staining utilized cryosections. a-SMA was
stained by a mouse monoclonal antibody to a-SMA (Chemicon),
followed by CY3 goat anti-mouse antibody (Jackson). Von Wille-
brand factor (vWF) was stained using a rabbit anti-human antibody
to vWF (DAKO), followed by alexa fluor 488 goat anti-rabbit IgG
(Hþ L) (Invitrogen). The fluorescent images were observed under
a fluorescent microscopy (Nikon E-600).

3.5. Statistical analysis

Results are displayed as the mean� standard deviation. One-
way ANOVA was utilized to evaluate the fiber diameter, mechanical
properties and biological results using the Neuman–Keuls test for
post-hoc assessment of the differences between specific samples.
Significance was considered to exist at p< 0.05.

4. Results

4.1. Electrospun sheet and conduit characterization

As shown in Fig. 2, a uniform PEUU/PMBU blend fibrous tube
with an inner diameter of 1.3 mm, length of approximately 5 cm
and wall thickness of approximately 300 mm was fabricated by



Fig. 2. (A) Macrographic image of typical small diameter electrospun PEUU/PMBU blend tube (PMBU15). (B) Cross-sectional SEM image of the vascular conduit at low and (C) high
magnifications.
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electrospinning. The fibrous morphology of scaffolds generated
from different PMBU contents (Fig. 3) exhibited continuous,
smooth sub-micron fibers without beading at all PMBU mass
fractions (0, 5, 10, 15%). No obvious trend was found in morphology
with PMBU content change. The fiber diameters at different PMBU
contents showed no significant differences and were approxi-
mately 500 nm (Table 1). The stability of the fibers in an aqueous
environment was reflected in the fiber diameters measured after
24 h immersion in PBS at 37 �C, where no significant change in fiber
diameters was observed (Table 1). High-resolution ESCA analysis of
the electrospun surfaces revealed an extra N1s peak at 402.5 eV
(–N(CH3)3), which was attributed to PMBU in the blend scaffolds.
PEUU scaffolds were found to have only one N1s peak at 399.5 eV
(amide bond) (data not shown). At the same time, the surface N/C
and P/C ratios increased from 2.6 to 5.8% and from 0 to 1.23%
respectively with increase of PMBU content in the scaffolds
(Table 2).

The mechanical properties of the fibrous sheets and conduits are
summarized in Table 3. Pure PEUU fibrous sheet has tensile
strength of 9�1 MPa and breaking strain of 388� 58%. With PMBU
addition, there was minimal effect on the tensile strength, breaking
strain, initial modulus or 100% modulus with all parameters being
statistically equivalent to pure PEUU with the exception of a slight
decrease in tensile strength for PMBU15 (p< 0.05). Evaluation of
conduit compliance in 1.3 mm inner diameter tubes similarly
demonstrated no significant differences between PEUU/PMBU
blends and pure PEUU. Compliance values ranged from
2.9� 0.6�10�4 to 4.4�1.1�10�4 mmHg�1.

4.2. In vitro ovine platelet deposition

Following whole blood incubation to evaluate surface throm-
bogenicity, electron micrographs of the electrospun surfaces (Fig. 4)
qualitatively demonstrated a marked decrease in platelet
deposition with increasing PMBU content. After 4 h of blood
contact a large number of platelet aggregates were apparent on
PEUU surfaces with some pseudopodia extensions (Fig. 4A and D).
For PMBU5 aggregates were sparse and comprised of only a few
platelets, although individual adherent platelets were plentiful.
Pseudopodia extension was present, but at low levels and not
accompanied by substantial platelet spreading (Fig. 4B and E) At
a PMBU content of 10%, only sparse single platelets were found to
be adherent on the surface with no apparent pseudopodia (Fig. 4C
and F). Finally, at 15% PMBU (Fig. 4D and G), the surfaces were
largely devoid of platelet adhesion.

Platelet deposition was quantified with the LDH assay as shown
in Fig. 5. All PMBU blend sheets experienced significantly lower
deposition than the PEUU sheet (p< 0.05). The deposited platelet
number on the surfaces of PMBU10 and PMBU15 was similar
(p> 0.05), but much lower than that of PMBU5 (p< 0.05).

4.3. In vitro RSMC adhesion and growth

Smooth muscle cell adhesion (as reflected in mitochondrial
activity) at 24 h from a relatively high seeding density onto PEUU
and PEUU/PMBU blend surfaces is reported in Fig. 6A in terms of
relative cell number compared to TCPS (a positive control surface
representing 100% adhesion value here). A statistically equivalent
number of RSMCs attached to the PEUU surface and the TCPS
control. Both PEUU and TCPS had significantly higher cell adhesion
indices, than PMBU blended sheets, which had 70–76% of TCPS
values. There were no significant differences between the three
PMBU content sheets. In Fig. 6B RSMC proliferation, (again reflected
in terms of mitochondrial activity relative to TCPS at day 1) is
shown for days 1, 3 and 5 on PEUU and PEUU/PMBU blended sheets.
RSMC viability increased with time on PEUU, PMBU5 and PMBU10
sheets, although relative cell numbers were lower at day 5 with
increasing PMBU content. RSMC viability values at days 3 and 5



Fig. 3. Fiber morphologies of PEUU and PEUU/PMBU blend sheets at (A) 0%, (B) 5%, (C) 10% and (D) 15% PMBU.

Table 1
Fiber diameter before and after 24 h PBS immersion at 37 �C.

Sample Before (nm) After (nm)

PEUU 476� 161 469� 150
PMBU5 532� 145 559� 130
PMBU10 496� 123 448� 65
PMBU15 525� 162 519� 167
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were much higher than that of PMBU15 (p< 0.05). Further, during
the 5 day culture RSMC viability on PMBU15 increased at day 3, but
unlike the other PMBU blends, then significantly decreased at day 5
(p< 0.05).

To verify that the mitochondrial activity data of Fig. 5 were
indeed reflective of cell numbers and to investigate cell
morphology on PEUU and PEUU/PMBU blend sheets confocal laser
scanning microscopy was used to image RSMC f-actin and nuclei in
Fig. 7. At day 1, all RSMCs possessed a spread shape on PEUU
(Fig. 7A) and PMBU5 (Fig. 7D), although to a qualitatively lesser
extent for the latter. A mixture of spread and rounded cells was
present on the PMBU10 surface (Fig. 7G) whereas all cells on the
Table 2
Surface atomic composition ratio determined by XPS.

Sample N/C ratio (%) P/C ratio (%)

PEUU 2.6� 0.4 0
PMBU5 3.5� 0.2 0.54� 0.01
PMBU10 4.0� 0.3 0.73� 0.08
PMBU15 5.8� 0.3 1.23� 0.09
PMBU15 surface (Fig. 7J) were round in shape. At day 3, cell number
increased on PEUU (Fig. 7B) and PMBU5 (Fig. 7E), and at day 5,
a nearly confluent cell layer had formed on both surfaces (Fig. 7C
and F). On the PMBU10 surface, more cells were spread at day 3
(Fig. 7H) and at day 5 almost all cells showed a spread shape and
cell number was increased (Fig. 7I). On the PMBU15 surface, no cell
spreading was observed at day 3 or 5 and cells remained sparse
(Fig. 7K and L).
4.4. In vivo testing

After 8 weeks, PMBU15 grafts had a 67% (6/9) patency rate
while the control PEUU grafts were 40% patent (10/25) via fluo-
roscopy. As shown in Fig. 8, the aorta (deep black line) in the
representative fluorography for the PEUU grafted animals was
blocked at the implant site (arrow) (Fig. 8A), but the aorta was
open to contrast media in the representative fluorography of the
PMBU15 grafted rats (Fig. 8B). As shown in Fig. 8C, the lumens of
PMBU15 grafts were generally clear and devoid of thrombotic
Table 3
Summary of mechanical properties.a

Sample Stress
(MPa)

Strain (%) Initial modulus
(MPa)

Modulus at
100% (MPa)

Compliance
(�10�4 mmHg�1)

PEUU 9� 1 388� 58 5� 3 2� 1 2.9� 0.6
PMBU5 10� 1 324� 26 5� 2 3� 1 3.8� 1.8
PMBU10 10� 1 301� 76 5� 1 3� 1 3.7� 1.0
PMBU15 7� 1 342� 43 7� 3 3� 1 4.4� 1.1

a Compliance was determined in 1.3 mm inner diameter conduits, other param-
eters utilized strips obtained from electrospun sheets in tensile testing.
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deposition or obvious intimal hyperplasia. An electron micrograph
of a longitudinal section covering the anastomotic region between
native aorta and PMBU15 graft shows good continuity with
qualitative indications of a continuous endothelium (Fig. 8D).
Masson trichrome staining of transverse (Fig. 9A and B) and
longitudinal (Fig. 9C and D) sections of PMBU15 grafts showed
a continuous cellular layer comprising an intimal layer which
exhibited collagen and cellular components. Cell body orientation
was in the direction of flow. Minimal cellular infiltration into the
graft wall was observed and polymer volume or mass loss was not
apparent. For the typical PEUU graft the lumen was filled due to
thrombosis (with subsequent organization) or intimal hyperplasia
(Fig. 9E). Continuity with the native aortic tissue, shown in
Fig. 8D, is seen in longitudinal section of Fig. 9C for both the
luminal and advential surfaces.

Further characterization of the cells populating the PMBU15
grafted segment with immunohistochemical staining is shown in
Fig. 10. Staining was consistent with a luminal layer comprised of
underlying myofibroblasts or smooth muscle cells (positive a-SMA
staining) and a blood contacting surface of vWF positive endothe-
lial cells.
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Fig. 7. Confocal images of RSMC morphology after seeding on electrospun PEUU/PMBU blend sheets (PEUU, PMBU5, PMBU10 and PMBU15) at days 1, 3 and 5. F-actin (red) was
stained with rhodamine phalloidin and nuclei (blue) were stained with DRAQ5. Scale bar is 50 mm.
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5. Discussion

Tissue engineering approaches to the generation of small
diameter vascular grafts can be divided into those in which a scaf-
fold is seeded with cells, potentially cultured for some development
period in vitro, and then implanted, or those approaches where the
scaffold is capable of serving as a functional replacement without
cell seeding or culture. In the latter case cellular ingrowth is
expected to ultimately generate a functional replacement. Scaffolds
for vascular graft engineering are required to be biodegradable and
possess appropriate mechanical properties for the culture period,
or at least at the time of implant. Biocompatibility considerations
will vary. A scaffold that is seeded and effectively covered with cells
may not need to be non-thrombogenic and the support of cell
adhesion may initially be desirable. Non-seeded scaffolds must
meet high levels of thromboresistance to avoid acute failure upon
initiation of luminal blood flow, but ultimately must allow native
tissue to develop as the scaffold degrades. Depending upon the
degradation rate of the scaffold, the proliferation of smooth muscle
cells should occur, but preferably not in a manner that would lead
to lumen compromise due to hyperplasia.

Many approaches have been pursued for acellular biodegradable
vascular grafts. Decellularized tissues evaluated include canine
jugular vein [28], carotid artery [29] or aorta [30], ovine carotid
artery or aorta [31] and pig carotid artery [32]. These approaches
have been pursued in the absence of cross-linking agents to modify
the remaining extracellular matrix components. Synthetic scaffold
materials have included poly(lactide-co-caprolactone) [14], poly-
lactide [33], polycaprolactone [34], poly(lactide-co-glycolide) [35],
polydioxanone [36], poly(diol citrate) [5], poly(glycerol sebacate)
[4] and polyhydroxyalkanoate [37]. These materials have been
generated with numerous techniques including wet-spinning [38],
salt leaching [39], thermally induced phase separation [6,35],
electrospinning [8,14,15,34,36] and combination approaches
[5,33,40–42]. Synthetic polymers have also been blended with
structural biomacromolecules collagen and elastin during graft
processing [8,15,36,43].

There have been several recent reports presenting in vivo data
for biodegradable polymer based small diameter vascular grafts.
Nottelet et al. reported on the implantation of electrospun poly-
(caprolactone) 2 mm diameter conduits in the rat abdominal aortic
position in a pilot study that showed good cellular ingrowth and
patency after a 12 week implantation period [34]. He et al. showed
patency in three rabbits with electrospun poly(lactide-co-capro-
lactone) conduits (1 mm inner diameter) after 7 weeks in a venous
placement model, however no endothelial cell layer was found to
have formed on the luminal surface [14]. A non-woven composite
conduit less than 1 mm in diameter and based on polyglycolic acid/



Fig. 8. Fluoroscopic images of (A) PEUU grafted aorta and (B) PMBU15 grafted aorta after 8 week implantation period in the rat model. (C) Macroscopic image of PMBU15 graft at the
time of explant. (D) Electron micrograph of a longitudinal section from PMBU15 graft after explant. Dashed line reflects transition from native aorta to graft.
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poly(lactide-co-caprolactone) or polylactic acid/poly(lactide-co-
caprolactone) possessed excellent patency without thromboge-
nicity after 3 weeks of implantation in an SCID/bg mouse, and
endothelialization and collagen deposition were observed on the
Fig. 9. Masson trichrome staining of PMBU15 and PEUU grafts at the 8 week explant. Imag
longitudinal sections of a PMBU15 graft. Image (E) is a transverse cross-section of a PEUU
lumen after a 6 week period [40]. Tillman et al. utilized an elec-
trospun blend of poly(caprolactone) and collagen to generate 5 mm
inner diameter conduits for implantation in a rabbit aortoiliac
bypass model and found a majority of the grafts to be patent after
es (A) and (B) are transverse cross-sections of a PMBU15 graft, and (C) and (D) are the
control graft that was occluded.



Fig. 10. Immunohistochemical staining of PMBU15 graft after 8 week implantation period. The images in (A) are longitudinal sections stained for a-SMA (red), vWF (green) and
a merged image of these two sections. The images in (B) are similarly stained transverse cross-sections. The polymer exhibits some fluorescence at the green wavelength imaged.
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a one month implantation period, although platelet deposition was
observed on grafts after blood exposure in the initial part of the
study [15].

The biodegradable thermoplastic elastomer utilized in this
report, PEUU, has been shown to possess attractive mechanical
properties for soft tissue applications [23] and an ability to be
processed into a porous scaffolds by thermally induced phase
separation [6,44], and sub-micron fibrous scaffolds by electro-
spinning [45]. Previous in vivo studies with this polymer have
demonstrated a degradation rate that varies with implantation site
and processing method [46–48]. For vascular graft applications,
approaches in which PEUU is combined with cells are under
investigation [15,49] and show promise for future in vivo investi-
gation. However, an approach that avoids cell sourcing and inte-
gration would have advantages from a cost, lead time and
regulatory perspective.

Mechanically, the electrospun PEUU vascular conduits reported
here possessed mechanical properties amenable to vascular
application with compliance values comparable to a human artery
[50]. Surgical handling was qualitatively found to be good, with no
bleeding from suture sites and good suture retention strength. One
would not inherently assume PEUU to be thromboresistive,
although in some settings such as the right ventricular outflow
tract in the rat an alternatively processed PEUU did not show
evidence of thrombotic complications [46]. In the current report,
electrospun PEUU vascular conduits were not found to be
adequately non-thrombogenic or resistant to intimal hyperplasia in
the rat abdominal aorta model with high rates of vascular occlusion
observed. This result is not particularly surprising given that the
challenge of resisting thrombosis and hyperplasia in such a small
diameter vascular graft is well known to be high and that PEUU was
shown here to be supportive of platelet deposition and smooth
muscle cell adhesion.

Blending with the PMBU polymer markedly reduced platelet
and smooth muscle cell adhesion in vitro and these results
appeared to directly translate in vivo with an increase in graft
patency. This effect is most likely due to the presentation of MPC
moieties on the polymer blend surface, as evidenced by the ESCA
data. Previous reports with MPC-based polymers have shown
reduced cellular affinity that may be related to the high surface free
water fraction due to the zwitterionic nature of MPC, resistance to
protein adsorption, limited plasma protein activation, and lateral
mobility of molecules [51–53]. In addition to being associated with
non-thrombogenicity, MPC copolymers have also been shown to
suppress inflammatory reactions [54] and to possess negligible
cytotoxicity [55]. In the field of small diameter vascular grafts,
a seamless 2 mm inner diameter conduit composed of non-
degradable segmented polyurethane (SPU, Tecoflex 60) blended
with an MPC-containing copolymer was implanted into rabbit
carotid arteries for 7 days without fibrin deposit and platelet
aggregation [22]. In a subsequent study a polyester prosthesis was
coated with a SPU/10% MPC copolymer blend and implanted into
rabbit carotid arteries for 8 weeks where it was found to be non-
thrombogenic and apparently lacked both smooth muscle and
endothelial cells on the lumen [56]. These previous results moti-
vated our exploration of a small diameter vascular conduit based
upon a blend of the biodegradable PEUU and a polyurethane
compatible MPC-containing copolymer. We hypothesized that the
MPC copolymer would acutely inhibit thrombogenesis and hyper-
plasia, but that with scaffold degradation autologous tissue
replacement would occur.

Many previously described MPC-containing copolymers possess
high hydrophilicity, and do not blend uniformly with the relatively
hydrophobic PEUU, as was discovered in our early efforts in this
area (data not shown). However, as a result of its urethane group,
PMBU has previously been shown to have an affinity with poly-
urethanes, and was found to blend well with the PEUU of this study
[24]. Both polymers had good solubility in HFIP and the various
polymer blends were easily electrospun using a single stream
approach. No obvious differences in morphology were observed
between PEUU and PEUU/PMBU fibers, even after PBS immersion.
Scaffold mechanical properties also showed no significant
decreases with the presence of PMBU addition, with the exception
of a decrease with 15% PMBU addition. The mechanical properties
were still deemed high enough in this case for the target applica-
tion and the conduits showed compliances in the physiologic range.

As described above, thrombosis and intimal hyperplasia
(support of SMC migration and proliferation) are major concerns
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for small diameter blood vessel tissue engineering. However, in the
setting of a biodegradable vascular graft scaffold the question arises
as to how one balances anti-platelet and anti-cell adhesion activity
against the need for tissue ingrowth and neo-vessel generation. The
amount of PMBU added was shown here to be closely related to the
level of inhibition for platelet deposition and smooth muscle cell
adhesion and growth. A PMBU content of 15% was chosen for in
vivo testing since we considered acute thrombotic risk and early
stage intimal hyperplasia to be bigger concerns than ultimate tissue
replacement of the scaffold. Our 8 week data would support this
position since the PMBU was associated with reduced graft occlu-
sion due to these mechanisms, while evidence of the early stages of
tissue replacement was present. Clearly though a longer term study
would be needed to evaluate the regeneration question. One might
also argue that perhaps an even higher PMBU content might be
justified.

Another question arises as to the fate of the added PMBU as the
PEUU component of the scaffold is degraded. The ethylene back-
bone of PMBU would be considered relatively non-degradable,
while the urethane bond in the side group of PMBU might be
broken gradually by hydrolytic and enzymatic action. By NMR
analysis, the urethane bond of PMBU was found to disappear after
a 2 week immersion period in an enzyme (lipase) solution (data not
shown). If such a cleavage event was to occur in vivo, it should act to
diminish the affinity between PMBU and PEUU, and potentially
accelerate PMBU elution from the scaffold. Further evaluation of
PMBU fate would need to be performed in longer term in vivo
experiments. A follow up study in a larger animal model would be
appropriate not only to allow for longer evaluation periods, but also
for examination of vascular conduits with larger inner diameters
and to assess the possibility of late term aneurysmal dilation. The
clinical failure of synthetic vascular grafts is inversely related to
graft internal diameter and a 1.3 mm inner diameter is arguably an
extreme environment. Achieving a routinely patent 3 or 4 mm
internal diameter graft would have broad application for coronary
and distal extremity bypass procedures. These diameters cannot be
effectively evaluated in the current rat model.

6. Conclusions

An elastic, fibrous small diameter vascular scaffold that exhibi-
ted good patency and cellularization potential was successfully
developed. Blending the MPC copolymer PMBU with PEUU resulted
in reduced thrombogenicity and better patency in vivo, while still
allowing complete endothelialization and good anastomotic inte-
gration. The mechanical properties inherent to the PEUU compo-
nent, which approximated physiologic compliance values, were
maintained with PMBU addition.
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Appendix

Figures with essential colour discrimination. Certain figures in
this article, in particular parts of Figures 7–10, are difficult to
interpret in black and white. The full colour images can be found in
the on-line version, at doi:10.1016/j.biomaterials.2009.01.013.
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