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Conventional synthetic vascular grafts are associated with significant failure rates due to their mismatched
mechanical properties with the native vessel and poor regenerative potential. Though different tissue engi-
neering approaches have been used to improve the biocompatibility of synthetic vascular grafts, it is still crucial
to develop a new generation of synthetic grafts that can match the dynamics of native vessel and direct the host
response to achieve robust vascular regeneration. The size of pores within implanted biomaterials has shown
significant effects on macrophage polarization, which has been further confirmed as necessary for efficient
vascular formation and remodeling. Here, we developed biodegradable, autoclavable synthetic vascular grafts
from a new polyurethane elastomer and tailored the grafts’ interconnected pore sizes to promote macrophage
populations with a pro-regenerative phenotype and improve vascular regeneration and patency rate. The syn-
thetic vascular grafts showed similar mechanical properties to native blood vessels, encouraged macrophage
populations with varying M2 to M1 phenotypic expression, and maintained patency and vascular regeneration in
a one-month rat carotid interposition model and in a four-month rat aortic interposition model. This innovative
bioactive synthetic vascular graft holds promise to treat clinical vascular diseases.

1. Introduction

Clinically, synthetic vascular grafts under 6 mm in diameter expe-
rience high long-term failure rates, in large part due to thrombosis and
intimal hyperplasia associated with disturbed hemodynamics and
compliance mismatch between the native vessel and stiffer graft mate-
rials [1-4]. In humans, these non-degradable synthetic grafts often fail
to significantly regenerate vascular tissues on the luminal surface and
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within the graft walls, even after prolonged implantation periods [5]. A
functional synthetic vascular graft with mechanical properties capable
of better matching the dynamics of the native blood vessel wall with
enhanced vascular regenerative potential could expand treatment op-
tions for common cardiovascular diseases and could even find future
applications as part of vascularized engineered tissues and organs.
Despite a great deal of research towards developing improved syn-
thetic small diameter vascular grafts (SDVG), only a handful have
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progressed past initial in vivo trials. Many studies of SDVG monitor im-
plantation for 1 month or less, and the median implantation duration in
large animal studies is only 56 days [6]; the majority of engineered
grafts therefore either do not move on to later stage trials or else the
results of any follow-up studies are not reported. These statistics are not
surprising, given the low success rates of the synthetic SDVG reported in
the literature, with more than 75% occluding [6]. Tissue engineering
strategies such as fabricating grafts from bioresorbable materials that
can gradually be replaced by native tissues show promise to overcome
some of the current limitations of clinical synthetic grafts. And materials
designed to better match the mechanics of the vessel wall could reduce
the risks of pathological graft responses while the material remains.

In addition to the mechanical dynamics, material features such as the
structure and morphology of the scaffolds have received increasing
attention for tissue regeneration [7-10]. Pore sizes within the implanted
material have been accepted as an important factor influencing macro-
phage polarization, which further regulate tissue regeneration including
vascular remodeling [11]. Allowedly, M1 phenotype macrophages
stimulate host immune reactions, while the M2 phenotype macrophages
resolve inflammation and participate in the tissue remodeling process.
Hence, designing vascular grafts capable of promoting higher levels of
M2 macrophages compared with M1 macrophages is a promising
strategy to promote the remodeling of vascular grafts. Previous studies
investigating the effects of biomaterials with different pore sizes on
macrophage polarization have found, for instance, that increasing the
pore size from 1.92 to 29.46 pm stimulated macrophage polarization
toward an M2 phenotype [12]. Similarly, Sussman et al. found that
macrophages on implanted biomaterials with interconnected pore
structures showed higher expression of M2 markers when the average
pore size was 160 pm compared with implants having a pore size of 34
pm. Interestingly, the authors found that direct contact between mac-
rophages and the biomaterial surface may promote the M1 phenotype,
which can account for the greater number of M1 macrophages in scaf-
folds with a smaller pore size and higher surface area [13]. These results
indicate that biomaterial pore sizes ranging from tens to hundreds of
microns is of research significance for macrophage polarization.

Beyond the specific effects on macrophage polarization, pore size in
biomaterial scaffolds has also been found to impact the rate of cellular
ingrowth and tissue regeneration. A minimum pore size of 25-40 pm has
been suggested as a threshold for cellular invasion, below which only
minimal ingrowth is observed [5,14,15]. Oliviero et al. propose that
pore sizes of approximately 35-100 pm are optimal for blood vessel
formation within a scaffold [16], though evidence from Boersema et al.
suggests that the effect of pore size and structure on tissue regeneration
may not necessarily be the same in scaffolds made from different ma-
terials [17].

We previously reported the development of a slowly bioresorbable
polyurethane elastomer containing polycaprolactone (PCL) and the an-
tiplatelet drug dipyridamole [18]. Inclusion of the polyfunctionalized
small drug molecule introduced crosslinks in the polymer chains, by
which a highly elastic and strong material with an elastic modulus in the
range of native vessel walls was obtained; and the antiplatelet activity of
the monomer reduced platelet adhesion on dipyridamole-containing
polyurethane (DPY-PU) structures. The DPY-PU demonstrated cyto-
compatibility, supporting vascular cell proliferation, and hemocompat-
ibility, through reduced platelet adhesion and activation.

In the current study, we fabricated porous synthetic DPY-PU vascular
grafts with different pore sizes, 30-50 pm, 50-80 pm and 80-200 pm, to
serve as synthetic vessel surrogates. The bioactive potential of our grafts
to mediate the macrophage M1-to-M2 transition through pore size in-
teractions was optimized in a one-month rat carotid artery interposition
model. The mid-term patency and vascular remodeling of the optimized
synthetic DPY-PU vascular grafts were then evaluated in a four-month
rat aorta interposition model. We hypothesized that these vascular
grafts, designed with tailored material properties and pore size, would
promote vascular regeneration and maintain longer-term patency.
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2. Results and discussion
2.1. Graft fabrication and characterization

SDVG were fabricated using a heat cure/porogen extraction molding
technique to obtain an elastic polymer tube with an interconnected
porous network extending across the graft wall. Pore size in TE scaffolds
has been shown to impact the ingrowth and development of cells and
tissues within TE constructs generally and in vascular grafts specifically.
Below a pore size of 15 pm, sparse cellular penetration into porous SDVG
has been observed [5,14,15]. Above this threshold, larger pore sizes
correlate with faster invasion by capillaries and other tissues [5,19] and
can influence cellular proliferation [20,21], and differentiation [21-23].
We constructed grafts with three different pore sizes using NaCl poro-
gens of varying grain size: small (30-50 pm), medium (50-80 pm), and
large (80-200 pm) to examine the optimal pore size range for tissue
regeneration within the new DPY-PU grafts, while still maintaining
desired graft mechanics and preventing blood leakage.

Scanning electron microscopy (SEM) and micro-computed tomog-
raphy (micro-CT) confirmed removal of the porogen during the salt-
leaching process, leaving behind interconnected pore networks (Fig. 1
A). The inner and outer surfaces of the grafts consist of thin polymer
skins punctuated by randomly distributed pores, enabling cellular in-
vasion from both the luminal blood and the surrounding solid tissues.
The porogen size was found to be unrelated to the graft overall porosity,
inner diameter, and wall thickness. Unlike uncrosslinked PCL, which has
a relatively low melting point, the DPY-PU grafts are stable at high
temperatures due to their thermoset nature and maintain their structural
features during autoclave sterilization, an extremely useful feature in
off-the-shelf medical devices.

Mechanical testing was performed to confirm the grafts were suitable
for implantation and to evaluate whether different pore sizes affected
the SDVG mechanics (Fig. 1 B). Stress-strain curves demonstrated that
the grafts undergo elastic deformation well beyond the maximum
extension experienced by native blood vessels (circumferential strains
up to 17% have been reported in the rat abdominal aorta [24]), which is
important for avoiding plastic deformation or breakage under physio-
logical conditions. Stress-strain curves for native rat blood vessels have
previously been reported [25]. As expected, uniaxial tensile testing
demonstrated that the effective elastic moduli (E) of the porous graft
structures (small pores E = 0.27 + 0.08 MPa, medium pores E = 0.24 +
0.07 MPa, large pores E = 0.21 + 0.05 MPa) were significantly reduced
from the modulus of the non-porous material (E = 1.26 + 0.07 MPa),
though the effective moduli of porous grafts has been known to increase
postoperatively with the filling of pores [26]. To quantify SDVG
compliance and burst pressure, grafts were attached to a water pres-
surization chamber and monitored under increased intraluminal pres-
sure. Water leakage through the porous walls was prevented by plugging
the graft pores with a layer of fibrin sealant to mimic the fibrin clot that
forms within SDVG pores in vivo. Graft compliance (in % per 100 mmHg:
5.5 + 2.9 for small pores, 8.5 + 4.5 for medium pores, 10.1 + 4.1 for
large pores) was substantially greater than current synthetic medical
SDVG and fell within the range of native vessel tissues, which is critical
for maintaining undisturbed hemodynamics. Burst pressure measure-
ments were underestimated due to the leaking of water through the
weaker fibrin at elevated pressures, which in many cases prevented
rupture of the DPY-PU membrane. Yet the grafts still demonstrated the
capacity to withstand internal pressures great enough for use within the
rat carotid artery and aorta. Uniaxial tensile testing measured rupture of
the graft wall at stress levels of 0.47 + 0.08 MPa for small pore grafts,
0.66 + 0.33 MPa for medium pore grafts, and 0.26 + 0.07 MPa for large
pore grafts, which is comparable to the burst pressure of the native rat
aorta (0.46 + 0.07 MPa) [27]. Suture retention testing similarly
confirmed the SDVG were tough enough to withstand surgical handling,
with mean values of the porous DPY-PU ranging between 0.66 and 0.74
N, similar to the suture retention values of approximately 0.7 N reported
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Fig. 1. Graft morphology and mechanical characterization. (A) Micro-CT and SEM analysis of the graft microstructure. Porosity (n = 10) was determined by micro-
CT. Inner diameter (n = 7) and wall thickness (n = 7) were determined by SEM. Table shows mean (+S.D.) pore characteristics determined from SEM images. (B)
Mechanical characterization of the porous DPY-PU SDVG: representative stress-strain curves, burst pressure (n = 10), suture retention (n = 7), and dynamic
compliance of DPY-PU SDVG (n = 15) compared with medical Teflon (ePFTE) grafts [31], the human popliteal artery [32], human coronary artery [33], and rat aorta
[34]. Although some trends were observed, no statistically significant difference was found between the DPY-PU grafts of different pore sizes. (x) In the
box-and-whisker plots denotes the mean. Dashed line marks typical systolic blood pressure in normotensive rats [35]. Additional mechanical data can be found in

supplementary information (Fig. S2).

for the jugular vein and 1.2 N for the rat carotid artery [28]. Unlike
previous degradable synthetic SDVG made from elastomers tailored to
match native vessel compliance [27,29], the DPY-PU grafts are robust
enough to retain sutures and tolerate the pressures of the cardiovascular
system without a dense external reinforcing layer, which constricts the
distensibility of the inner elastic layer and often lacks sufficient porosity
for cellular infiltration from the graft outer surface. Few materials are
both strong and compliant enough to match native arteries [30], our
DPY-PU grafts therefore demonstrate an uncommon combination of
high elasticity, strength, and interconnected porosity between both
surfaces, uniquely suited for small diameter vascular tissue engineered
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synthetic grafts.

We had previously demonstrated that non-porous DPY-PU material
surfaces support cell adhesion and proliferation [18]. To confirm the
ability of cells to populate the porous grafts, culture of human umbilical
vein endothelial cells (HUVEC) and human mesenchymal stem cells
(hMSC) was carried out on the porous membranes in vitro (supplemen-
tary information; Fig. S3). Both endothelial cells and MSCs proliferated
on the DPY-PU scaffolds, with no statistically significant differences
found based on pore size. Endothelial cells (EC) form the
blood-contacting inner layer of native blood vessels and are involved in
the regulation of vascular homeostasis, patency, and inflammation.
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Thus, lack of a functional endothelial lining in vascular grafts is asso-
ciated with decreased graft patency [36]. In large blood vessels, EC also
form capillary networks within the vessel wall and are crucial to mural
cell survival. The importance of EC in vascular health has led to multiple
strategies to encourage EC growth in SDVG including pre-seeding graft
lumens [37] or incorporating EC homing factors [38]. MSC, meanwhile,
are multipotent stromal cells with many applications in regenerative
medicine. MSC seeded on tissue engineered grafts can promote vascular
healing through the release of growth factors and may also contribute to
tissue regeneration through their own differentiation to vascular cells
such as endothelial or smooth muscle cells [39]. The ability of DPY-PU
grafts to support HUVEC and hMSC signal they are compatible with
multiple promising strategies for regenerating healthy vascular tissues.

2.2. Implantation: patency and tissue regeneration

To investigate the ability of the SDVG to maintain blood flow and
support tissue regeneration, grafts were implanted in a rat carotid
interposition model and a rat abdominal aortic interposition model.
Grafts with an inner diameter (ID) of 1.1-1.2 mm were selected for
implantation in the rat left common carotid artery and larger diameter
grafts (ID = 1.4-1.5 mm) were used in the rat aorta.

Short-term patency and tissue regeneration of SDVG were evaluated
using a rat carotid interposition model. SDVG were implanted into the
rat left common carotid artery and examined at 1 week and 4 weeks after
implantation with 3 animals per group at 1 week and 6 animals per
group at 4 weeks. After surgery, blood flow was observed immediately at
both the proximal and distal ends of the grafts. All animals survived after
the blood vessel replacement procedure. To investigate whether pore
size exerts an effect on acute thrombosis within the grafts, no heparin
was administered during surgery or postoperatively. SDVG handled well
during surgery and no blood leakage was observed after implantation (at
0 week) (Fig. 2 A). The implantation of grafts for 1 week confirmed all
grafts were patent (patency rate of small pores was 100%, 3/3; patency
rate of medium pores was 100%, 3/3; patency rate of large pores was
100%, 3/3). The implantation of grafts for 4 weeks revealed grafts of all
three groups retained high patency rate (more than 80%), and the
patency rate of grafts in the medium pore (100%, 6/6) and large pore
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(100%, 6/6) groups were higher than in the small pore group (83%, 5/6)
(Fig. 2 B).

H&E staining results revealed the presence of cells throughout the
graft wall in all the three groups at 1 week and 4 weeks (Fig. 2C). At 1
week, a thin layer of neotissue had formed on the luminal surface of
small pore grafts, but hardly any neotissue had formed on the luminal
surface of both medium pore and large pore grafts. At 4 weeks, neotissue
had formed on the luminal surface of all three graft groups (Fig. 2C).
Quantification of lumen patency showed a significantly greater patent
cross-sectional area was maintained in both medium pore and large pore
grafts than in small pore grafts at 1 week and 4 weeks (Fig. 2 D).
Quantification of the cell numbers in the graft wall, neointimal thick-
ness, and the number of capillaries in grafts was performed. The results
showed that more cells penetrated into the wall of the grafts as the pore
size increased, and the grafts with medium and large pores significantly
decreased the thickness of neointima and increased the number of
capillaries in the grafts (Fig. S4). At 4 weeks, the varying degrees of
neointima present in the luminal surfaces of the grafts with different
pore sizes is likely caused by the different morphology of the graft sur-
face due to the different pore sizes [9]. During H&E analysis, we
observed some dark brown-stained tissue in the grafts with small and
medium pore sizes that were not present in the grafts with large pore
size. To further investigate this point, we performed the Von Kossa
Staining for the specimens in all the groups, and the results showed
varying degrees of calcific deposition occurred in the grafts with small
and medium pores, but no calcific deposition occurred in the grafts with
large pores (Fig. S5), which indicates the grafts with large pores avoid
calcific deposition compared to the grafts with small and medium pores.

Trichrome, pentachrome, and immunohistochemical staining were
performed to evaluate the tissue remodeling of grafts at 4 weeks. Tri-
chrome and pentachrome staining showed regions of developing
concentric layers and traces of elastic fibers and collagen, which are the
main components of the vascular structure (Fig. 3 A and Fig. S6). Further
CD31 and a-SMA staining showed positive staining for the endothelial
cell marker CD31 on the luminal surface and the smooth muscle cell
marker o-SMA within the wall of the developing neovessel tissue, which
was consistent with the native rat carotid artery (Fig. 3 B). The migration
of ECs and SMCs plays an important role in vascular remodeling [40,41].

Fig. 2. Carotid interposition model. (A)
DPY-PU SDVG implanted in rat left common
carotid artery at various time points. (B) The
patency rate of the grafts with different pore
sizes at various time points. Each group at 1
week included 3 animals, and each group at
4 weeks included 6 animals. (C) H&E stain-
ing of the cross sections of the grafts with
different pore sizes at various time points
after implantation. (D) Quantification of the
patent area of the grafts with different pore
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Large pores

Fig. 3. (A) Trichrome and pentachrome staining of the grafts with different pore sizes at 4 weeks after implantation. Trichrome: cytoplasm and muscle fibers = red,
collagen = blue, graft is yellow. Pentachrome: elastic fibers = black, nuclei = blue/black, collagen = yellow, mucin = bright blue, fibrin = bright red, muscle = red,
graft stained black. (B) CD31 and a-SMA staining of the native rat carotid artery and the grafts with different pore sizes at 4 weeks after implantation. Yellow part

indicated the graft. Arrows indicated the positive staining.

ECs and SMCs observed on the luminal surface of the grafts likely
migrated from the surrounding native vascular tissue. Calponin and
Smooth Muscle Myosin Heavy Chain (SM-MHC) staining were per-
formed to characterize the SMC contractile phenotype. The results
showed more SMCs with a contractile phenotype were present in the
grafts with medium and larger pores compared to the grafts with small
pores, and the largest number of contractile phenotype SMCs was pre-
sent in the grafts with large pores (Fig. S7). These results indicated that
our designed grafts with different pore sizes supported normal vascular
regeneration.

Intense inflammatory response can inhibit vascular regeneration
within implanted grafts, especially small diameter vascular grafts, in
vascular replacement therapies. Regulation of the inflammatory
response is a crucial challenge for long-term regeneration of vascular-
ized grafts [42]. The process of tissue remodeling after implantation is
always associated with a robust macrophage response that starts as early
as a few days post-implantation. Polarized macrophages are referred to
as either M1 or M2 cells, mimicking the Th1/Th2. M1 activated mac-
rophages classically display proinflammatory activity, in contrast, M2
activated macrophages possess the ability to facilitate tissue repair and
regeneration [43]. In addition, the pore size of scaffolds can be a critical
regulator of macrophage phenotype, which further affects angiogenesis,
vascularization, and other tissue regeneration processes. Staining of
inflammatory-related markers was performed at 1 week and 4 weeks to
evaluate the inflammatory response of the grafts with different pore
sizes at the short- and long-term. The results showed CD68
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(pan-macrophage marker), CCR7 (M1 phenotype marker) and CD163
(M2 phenotype marker) positive cells were all present in the grafts at 1
week and 4 weeks, but the macrophage polarization was different in
grafts with different pore sizes at various time points after implantation
(Fig. 4 A). The percentage of CD163 positive cells was significantly
higher than the percentage of CCR7 positive cells in all grafts at 1 week
and 4 weeks, and the percentage of CD163 positive cells in grafts with
medium and large pore sizes was significantly higher than the grafts
with small pore size at both 1 week and 4 weeks (Fig. 4 B and C). The
ratio of CD163 to CCR7 macrophages present in the remodeling grafts
with medium and large pore sizes was significantly higher than the
grafts with small pore size at 1 week and 4 weeks (Fig. 4 D). These results
indicated that the grafts with medium and large pore sizes possessed
more constructive tissue remodeling outcomes, and are consistent with
the findings of previous studies that have also found larger pores induce
a higher ratio of M2 to M1 macrophages in other materials [11,12,44].
All the results obtained from the rat carotid interposition model
demonstrated that though the three different types of grafts had high
patency rates and the potential for vascular remodeling, the grafts with
medium and large pore sizes achieved higher patency rates and more
constructive tissue remodeling outcomes than the grafts with small
pores at 1 week and 4 weeks. It is interesting to note that the grafts with
small pores, which had the lowest dynamic compliance during me-
chanical characterization, performed least favorably of the three groups
when implanted in the carotid artery.

Mid-term graft patency was evaluated using an abdominal aortic
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positive staining. Quantification of the percentage of macrophage polarization present in the remodeling grafts at (B) 1 week and (C) 4 weeks. (D) Quantification of
the ratio of the percentage of CD163:CCR7 macrophages present in the remodeling grafts with different pore sizes at various time points after implantation. Each
group at 1 week included 3 animals, and each group at 4 weeks included 6 animals. Data were expressed as mean =+ standard deviation: *p < 0.05.

interposition model in rats using medium and large pore size grafts (n =
3 per group). Animals received heparin (100 U/kg) intraoperatively and
once daily for two days postoperatively. Following implantation, grafts
were monitored longitudinally using doppler ultrasound to assess blood
velocity, distal aorta lumen diameter and blood flow rate through the
graft (Fig. 5). Of the three rats that received large pore grafts, two died
within the first 24 h and the remaining animal died on day four. Though
unclear, the cause of failure for the large pore grafts may have been the
leaking of blood from the sites of anastomosis under the increased
pressure of the aortic environment following implantation. In contrast,
all rats that received medium pore-size grafts survived and maintained
graft patency for greater than 3 months. One rat in this group died of a
ruptured peri-renal hematoma at 3.75 months; interestingly, the graft
did not have any evidence of luminal thrombosis at the time of necropsy.
The remaining two rats were sacrificed at 4 months.

Because the graft material is non-echogenic, ultrasound was not able
to provide a direct measurement of blood velocity within the graft itself.
Therefore, blood velocity and vessel diameter were measured in the
aorta just distal to the graft. We found that the distal aorta lumen
declined in diameter from 1.7 £+ 0.15 mm at day 1-1.2 £+ 0.07 mm at
day 14 (p = 0.02). Following this, the average lumen diameter stabilized
and reversed slightly to 1.4 + 0.36 mm at 4 months, which was not
significantly different from either the day 1 or day the 14 timepoints. A
similar trend in mean flow rate was also observed, with an initial decline
in flow followed by a recovery at 4 months. There was no significant
change in mean blood velocity between the day 1 and 4-month time-
points (451 + 154 vs. 733 + 52.3 mm/s, p = 0.18). The observed
reversal in the decline of the lumen diameter is consistent with a recent
report on spontaneous resolution of stenosis in tissue engineered
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vascular grafts in an ovine interpositional model [45].

Histological staining of the grafts after 4 months showed neotissue
development covering the entire lumen surface throughout the length of
the grafts and joining with the native aortic tissue across the anasto-
moses (Fig. 6 A & B). Image analysis revealed the grafts maintained 81.1
+ 4.8% of the patent area compared with the bare polymer graft, some
luminal loss occurring due to neovascular tissue development on the
graft surface. The structure and composition of the neovessel tissue
resembled a maturing arterial wall. Pentachrome staining showed re-
gions of developing concentric layers and traces of elastin and collagen
deposition. Further analysis by immunohistochemistry revealed positive
staining for the endothelial cell marker CD31 on the luminal surface and
the smooth muscle cell marker a-SMA within the wall of the developing
neovessel tissue (Fig. 6C). The synthetic graft scaffold appears intact,
with no visible signs of erosion, as expected from our DPY-PU materials,
which demonstrate slow in vitro degradation, similar to the degradation
profile of unmodified PCL [18]. Cellular infiltration was observed within
the pores of the graft walls, with the deposition of intramural tissues
resembling that of similarly slowly degrading synthetic vascular grafts
[46-48]. In places, the cellular infiltration appeared inconsistent, with
regions of little to no cellular ingrowth visible after 4 months, perhaps
indicating excessive tortuosity or small windows connecting the larger
pores, which is not uncommon in salt-leached porous scaffolds [5].
Strategies to include biomolecular cell signals or to create a more open
route through the polymer wall, such as using a laser to punch direct
channels, might encourage cellular repopulation within the vascular
graft wall and enable integration of the SDVG lumen with surrounding
microvascular beds. However, even without vascular infiltration into
the graft wall, the robust neoarterial tissue observed and the
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Fig. 5. (A) Aortic interposition model. (B) Ultrasound (US) analysis was performed at various time points postoperatively. (C) The rat abdominal aorta before and (D)
after DPY-PU SDVG implantation. (E, F) Doppler ultrasound was used to measure the distal aorta flow velocity and diameter, confirming the grafts remained patent
up to four months. The arrow points to the location of the vascular graft. US analysis yielded (G) mean flow rate, (H) peak flow rate, (I) lumen diameter, (J) mean
blood flow velocity, and (K) peak blood flow velocity at various time points over the course of the four-month study. *Statistical significance (p < 0.05).

maintenance of blood flow for four months represent promising findings
that support the potential of cell-free DPY-PU grafts to serve as vessel
surrogates and supportive scaffolds for regenerating vascular tissue.
These findings are especially promising, given that a recent
meta-analysis of published SDVG studies found that the median SDVG
implantation duration is only 56 days and 75% of synthetic grafts report
occlusion [6]. Future work will need to evaluate the efficacy of DPY-PU
grafts for longer time periods in rodents and in larger animal models

173

more closely approximating humans. Based on our promising results, we
also plan to perform short- and mid-term studies in both the rat carotid
and aortic models in the future to gain a fuller understanding of tissue
progression at both locations.

Excitingly, though the long term patency rate of our grafts is un-
known, the maintenance of blood flow for four months may already
demonstrate suitability for an alternative application of vascular grafts:
providing blood flow to large engineered tissues and organs. Studies of
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Fig. 6. Tissue remodeling of aortic graft. (A) Pentachrome and trichrome staining of the native aorta and DPY-PU SDVG showed neovessel tissue generation on the
graft luminal surface that integrated with the native aortic wall across the anastomoses at the 4 month time point. Pentachrome: elastic fibers = black, nuclei = blue/
black, collagen = yellow, mucin = bright blue, fibrin = bright red, muscle = red. DPY-PU stained black. Trichrome: cytoplasm and muscle fibers = red, collagen =
blue. DPY-PU is yellow. *Residual blood left in lumen. (B) Pentachrome staining at 4 months showed continuous vessel wall tissue growth across the junction
between the aorta (red arrow) and the vascular graft (blue arrow). (C) Immunohistochemical analysis of the neotissue development on the luminal surface of the
DPY-PU vascular grafts at 4 months showed positive staining by DAB (stained brown, further indicated by arrows) for CD31 on the inner surface and a-SMA within

the regenerating wall. Hematoxylin was used as a counterstain (purple).

transplanted vascularized free flaps indicate that reperfusion through
the vascularized grafts following microsurgical anastomosis allows the
grafts to survive and integrate with the surrounding tissue; and though
the vascular anastomoses are at risk of occlusion, maintenance of blood
flow within a vascularized graft for one month can typically provide
sufficient time for graft survival via vessel ingrowth from the recipient
wound bed into the graft [49]. Inclusion of a suturable synthetic blood
vessel graft within large TE constructs to immediately establish blood
flow might therefore similarly give life to implantable engineered tissues
and organs.

3. Conclusion

Our DPY-PU grafts better match native blood vessel mechanics —
combining both compliance and strength — compared with the current
rigid clinical small diameter synthetic grafts and common biocompatible
synthetic TE scaffold materials. When implanted in the carotid artery,
the DPY-PU SDVGs remained patent at 1 week (the patency rate of all
grafts with small, medium, and large pores = 100%) and demonstrated
high patency rates at 4 weeks (small pore size group = 83%, medium
pore size group = 100% and large pore size group = 100%). In an aortic
interposition model, medium pore size grafts remained patent for four
months and histological analysis showed regenerated vascular tissue
with directionally oriented layers covering the luminal surface,
demonstrating graft biointegration with the host arteries.

Tuning the pore size within the SDVGs impacted graft performance
significantly. At 4 weeks post-implantation, DPY-PU grafts with small
pores demonstrated reduced cellular infiltration into the vascular graft
wall, smaller luminal diameter, and a higher proportion of proin-
flammatory macrophages compared with the grafts having medium and
large pores. The grafts with large pores also demonstrated reduced
calcification and increased numbers of SMCs with a contractile pheno-
type. While the large pore group demonstrated high levels of patency in
the carotid context, when implanted in the abdominal aorta, three out of
three grafts failed, demonstrating that necessary vascular graft proper-
ties vary based on implant site due to the heterogeneity of vascular
environments throughout the body. By supporting robust vascular tissue
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regeneration and maintaining patency up to four months, the DPY-PU
grafts show exciting promise for the next generation of vascular tissue
engineering.

4. Methods
4.1. Graft fabrication

The polymer DPY-PU was prepared as previously reported [18].
Briefly, PCL (Mn 2000 Da; 0.9988 g, 0.5 mmol, 1 eq; Sigma-Aldrich,
USA) was melted at 60 °C in a 20 mL flask equipped with stir bar,
under Ny atmosphere. N,N’-dimethylformamide (DMF; 1 mL; Acros
Organics, Thermo Fisher Scientific, USA) was added followed by hex-
amethylene diisocyanate (HDI; 0.16 mL, 1.0 mmol, 2 eq; TCI, Japan).
The solution was stirred for 2 h at 60 °C, at which point the vial was
removed from the heat. Once cooled to room temperature, dipyridamole
(DPY; 0.2520 g, 0.5 mmol, 1 eq; TCI) and an additional equivalent of
HDI (0.08 mL, 0.5 mmol) was added. The solution was stored at 4 °C
under N until used.

The DPY-PU was processed into tubular grafts using a salt-leaching
molding technique modified from Wu et al. [27] NaCl was first
ground by mortar and pestle, then sieved through a series of nylon
meshes (McMaster-Carr, USA) to obtain NaCl of various grain sizes
(30-50 pm for the small pores, 50-80 pm for medium pores, 80-200 pm
for large pores) which were then dried at 100 °C and stored in a vacuum
desiccator.

The mold parts consist of glass tubing (ID = 1.6 mm; Wilmad-
LabGlass, USA) cut into segments 5 cm long, two custom-made Teflon
end-caps machined to fit tightly around the exterior of the glass tubing
with a centered inner channel sized to fit a 1.5 mm diameter inner rod.
The inner rod used was bend-resistant stainless steel coated with Teflon
(McMaster-Carr). Dry salt was loaded into a segment of glass tubing with
one end blocked by an endcap with the inner rod partially inserted to
seal the hole. Once sufficiently filled with salt, the second endcap was
put in place and the rod was gently pushed through the loose salt grains
until it extruded through the second endcap. One endcap was then
gently removed and the NaCl-loaded mold was placed in a humid fusion
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chamber (95% humidity, 37 °C) for 45 min. The endcap was then gently
replaced, the other one removed, and the mold placed back inside the
fusion chamber for another 45 min. At this point the salt held its shape,
keeping the inner rod in place and enabling both end caps to be
removed. The molds were dried overnight at 100 °C, then placed in a
vacuum desiccator until used.

To load the DPY-PU into the mold, the polymer solution was brought
to room temperature, and then injected into the end of the mold (around
the still inserted rod) using a segment of silicone tubing to connect the
syringe to the glass tube. Once filled, the endcaps were placed back on
and sealed with silicon grease, then the molds were placed in a 70 °C
oven for 14 h to cure. Once fully solidified, the endcaps were removed
and the molds were placed in a vacuum oven at 60 °C for another 14 h,
after which the polymer was allowed to cool to room temperature and
then the inner rods were removed. The glass tubing and polymer were
placed in a DI water bath at room temperature for 14 h, after which the
polymers tubes could be demolded.

To remove any residual NaCl, the polymer grafts were submerged in
a DI H0 bath for a further 48 h, with the water changed twice daily. The
grafts were then snap frozen in liquid N5 and lyophilized to dryness.
Grafts were sterilized by autoclave (steam, 121 °C) prior to all charac-
terization and implantation procedures.

4.2. Structural characterization

DPY-PU segments were cut by razor blade, sputter coated in Pd/Au
(DeskII, Denton, USA), and imaged by scanning electron microscopy
(SEM; Sigma FESEM, Zeiss, Germany). SEM images were used to mea-
sure graft dimensions and characterize the pore structure using ImageJ
software. Micro-computed tomography (micro-CT; 40 kV, 200 pA, 396
ms; Skyscan, Bruker, USA) scans were carried out with an isotropic voxel
size of 4 pm®. The instrument software was used to measure graft
porosity.

4.3. Mechanical characterization

To measure the effective elastic modulus, grafts were analyzed by
unidimensional tensile testing on an Instron 5565 fitted with a 100 N
load cell. Grafts were sliced longitudinally and unrolled to yield rect-
angular sheets, which were distended at a rate of 10 mm/min. To
measure suture retention, tubular graft segments were pierced 2 mm
from the end and a 9-0 nylon suture (Ningbo Medical Needle, China)
was drawn through one wall to form a loop. The unsutured graft end and
suture loop were then secured in the grips of an Instron 5565 mechanical
tester and pulled at a rate of 10 mm/min until the suture broke
completely free from the polymer wall. The maximum force measured
was recorded as the suture retention force.

Due to their interconnected pore networks, the DPY-PU grafts
demonstrate permeability to water; to measure compliance and burst
pressure, specimens were first sealed by applying a layer of fibrin to plug
the pores. To do this, DPY-PU tubes were mounted on an inner rod to fill
the inner luminal space and were then submerged in a solution of
fibrinogen (70 mg/mL; from bovine serum; Sigma-Aldrich) for 14 h at
4 °C. Grafts were then transferred to a thrombin solution (500 IU/mL;
from bovine serum; Sigma-Aldrich) for 30 min.

Graft compliance was measured using a custom testing system as
previously reported [50]. The fibrin-sealed DPY-PU tubular segments
were preheated to 37 °C and connected to a custom pressurization sys-
tem. Throughout the testing, grafts were submerged in a bath of phos-
phate buffered saline (PBS) maintained at 37 °C. Fluid pressurization
was achieved using a flexible bellows connected to an Instron Electro-
Puls E10000 and the pressure was recorded with a transducer
(PX309-005G5V, Omega Engineering, USA). The graft outer diameter
was monitored using a CCD camera (acA1600-20 gm, Basler, USA).
Specimens were dynamically pressurized from 80 to 120 mmHg at 1 Hz
for 50 cycles. The dynamic compliance (DC) was then calculated as the
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mean percent change in graft outer diameter for the last five loading
cycles. DC (%/100 mmHg) = [(D2—D;)/D1] * [1/(P2 - P1)] * 10, where
D, and D, are the graft outer diameters at the high (P = 120 mmHg) and
low (P; = 80 mmHg) pressures, respectively.

To measure burst pressures, the fibrin-coated SDVG were pressurized
by syringe pump (NE-1010, New Era Pump Systems, USA) at a rate of 50
mL/min. Burst pressure was defined as the maximum pressure recorded
prior to graft rupture.

4.4. Cytocompatibility

To confirm that porous DPY-PU is a suitable substrate for cellular
attachment and proliferation, in vitro cell culture of HUVEC (passage 5;
gift from Folkmann lab [51]) and hMSC (passage 7; Lonza, Switzerland)
were carried out. Flat DPY-PU samples were cut from a prepared sheet of
DPY-PU using a 5 mm biopsy punch and fixed to the bottom of 96 well
plates using silicon grease. Cells were seeded at a density of 2.6 x 10°
cells/cm?. HUVEC were cultured in endothelial growth media (endo-
thelial cell basal medium 2 + SupplementPack endothelial cell GM2;
PromoCell, Germany) and hMSC were cultured in DMEM (Life Tech-
nologies, Thermo Fisher Scientific, USA) supplemented with fetal bovine
serum (10%; Life Technologies) and penicillin-streptomycin-glutamine
(1%; Life Technologies). Cell counts at day 1, 4, and 7 were measured
by PicoGreen DS DNA assay (Invitrogen, Thermo Fisher Scientific, USA).

4.5. Animal care

All carotid animal experiments were approved by the Institutional
Animal Care and Use Committee at the University of California, Davis.
Male Sprague-Dawley rats (weight, 350-400 g; Charles River, USA)
were used for these surgeries. All aortic animal experiments at were
performed at the Hagey Laboratory for Pediatric Regenerative Medicine
at Stanford University and were approved by the Stanford Administra-
tive Panel on Laboratory Animal Care (APLAC #30462). Surgeries were
performed on 6 Wistar rats (Charles River Laboratories) weighing
250-350 g (ages 10-14 weeks). Animal were kept at a 12 h dark/light
cycle and had free access to food and water.

4.6. Carotid interposition surgery

As described in our previous work [38], the rats were anesthetized
with 2.0% isoflurane and their body temperature was maintained at
37.5 °C using a heating pad. The left common carotid artery of each rat
was dissected freely and clamped at the proximal and distal ends. After
removing the common carotid artery, a pre-sterilized DPY-PU vascular
graft trimmed to 5-6 mm was implanted by end-to-end anastomosis
using a 10-0 needle and the circulation was restored. At 1 week and 4
weeks after graft implantation, the implantation site was reopened to
determine the patency of the grafts. The patency of the graft was
determined by examining the blood flow in the vessel at the distal end of
the graft in the live animal under anesthesia. The graft was defined as
patent if there was a restoration of blood flow in the distal vessel after
squeezing and releasing the vessel with forceps. In detail, a set of fine
forceps was used to hold the native blood vessel near the distal anas-
tomotic site. The other set of forceps was used to squeeze the vessel
gently from the hold site toward the head side of the animal for about
3-5 mm, causing the blood vessel to flatten. The forceps used to hold the
native blood vessel near the distal anastomotic site were then released to
determine whether blood flow could be restored to inflate the vessel.
The animals were then euthanized, and the vascular grafts were
explanted.

4.7. Histological and immunohistological analysis of the carotid grafts

Samples for histological examination were fixed with 10% formalin
(ThermoFisher Scientific, USA), dehydrated by 30% sucrose solution
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(ThermoFisher Scientific, USA), snap-frozen in optimal cutting tem-
perature (OCT) compound and cross sectioned into 10 pm thickness
using a cryostat. The standard H&E (ThermoFisher Scientific, USA),
Trichrome (ThermoFisher Scientific, USA) and Modified Russell-Movat
Pentachrome (Abcam, UK) staining were performed to analyze the
cellularity, tissue remodeling and the patency of grafts according to the
manufacturer protocols. Immunohistological staining for CD31, a-SMA,
CD68, CCR7 and CD163 was performed using primary antibody (Abcam,
UK) and secondary antibody (horseradish peroxidase-conjugated,
Abcam, UK). Secondary antibody was detected by reaction with 3,3'-
diaminobenzidine (DAB, Abcam, UK). Mayer’s Hematoxylin (Thermo-
Fisher Scientific, USA) was used as a counterstain. Images were captured
using the Keyence digital microscope (USA). Quantification was per-
formed using the Image J software.

4.8. Aortic interposition surgery

Aortic surgery was performed with a surgical microscope under 10x
magnification (Leica M500 N OHS-1, Leica Microsystems, Germany)
under inhalation anesthesia with isoflurane (4% and 2%) with 2 L/min
oxygen. Animals received heparin (100 IU/kg, subcutaneous), bupre-
norphine (0.05 mg/kg, subcutaneous), enrofloxacin (5 mg/kg, subcu-
taneous), and normal saline (10 ml/kg, subcutaneous) following
induction of anesthesia. An additional bolus of normal saline (10 ml/kg,
subcutaneous) was administered at the conclusion of surgery, and again
on postoperative day 1. At the end of the experiments, euthanasia was
achieved by exsanguination from distal aortic transection during graft
harvest as well as cardiac puncture under deep anesthesia.

Following induction of anesthesia, rats were laid supine and their
abdomen shaved. A chemical depilating agent (Nair™, Church and
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the dressing was changed on postoperative day 1 and removed on
postoperative day 5. The rats received subcutaneous heparin (100 U/kg)
and normal saline (5 ml/kg) once daily for two days postoperatively.

To harvest the grafts four months following implantation, the rats
were then placed under deep anesthesia and the grafts were exposed
surgically and in sterile fashion as previously described. After exposing
the graft, the distal aorta was transected sharply to confirm blood flow
patency through the graft. The aorta proximal to the graft was then
transected and the graft with adjacent aortic tissue harvested and pre-
pared for histological evaluation.

4.9. Aortic ultrasound measurements

Early graft patency was assessed on postoperative day 1, 7, 14, 21,
and 28 using ultrasound. Animals were anesthetized with inhalational
anesthesia as previously described and placed supine on the imaging
platform. The abdomen was clipped of any hair as needed prior to im-
aging. Imaging was performed using a Vevo 2100 high-resolution ul-
trasound (VisualSonics, Canada) with an MS-250 MHz transducer.
Pulsed-Wave doppler mode was used to measure the velocity-time in-
terval (VTI) of the aorta just distal to the interposition graft. Flow within
the graft itself was unable to be measured ultrasonically due to the
acoustic effects of the graft material, so the distal aorta was selected for
flow measurement. The vessel lumen diameter at the same point where
the VTI was measured using B-mode. Additional representative images
were taken of the graft and aorta along its longitudinal axis using B-
mode and color mode. Using the measured average flow velocity and
vessel diameter, the flow rate was calculated using the following equa-
tion:

1
Flow rate (ml/min):Z*n*vessel diameter (mm)**average blood velocity (mm/s)

Dwight, USA) was used to remove any remaining hair. The abdomen was
prepped with betadine and draped sterilely. Surgery was performed
using a sterile tips-only approach. A midline incision was made from the
xiphoid to the symphysis pubis. The incision was carried down sharply
through the linea alba, using bipolar electrocautery for hemostasis.
Upon entry to the abdominal cavity the small and large intestines were
gently transposed outside of the abdomen onto a saline moistened
gauze, which was intermittently irrigated throughout the procedure.
Gentle spreading of retroperitoneal fat was performed with cotton tip-
ped applicators to expose the abdominal aorta and inferior vena cava
(IVC). The aorta was further exposed and mobilized from the renal ar-
teries down to the iliac bifurcation using microsurgical dissection
technique. Posterior lumbar spinal arteries were carefully identified and
coagulated with bipolar as needed to further mobilize the vessel.
Microvascular clamps were placed on the aorta on the infrarenal
segment, and the aorta was sharply transected. The vessel lumen was
irrigated with heparinized saline (5000 IU/ml) and the vessel adventitia
trimmed as needed for the anastomosis. Next, a pre-sterilized DPY-PU
vascular graft trimmed to a length of 5 mm was introduced into the field.
Microsurgical anastomosis was performed in an end-to-end manner with
a series of interrupted 10-0 nylon sutures. The lumen was flushed with
heparinized saline (5000 IU/ml) prior to tying down the final suture.
The clamps were released, and patency of flow confirmed by observation
of pulsatility and a double occlusion test. The field was irrigated with
saline and the intestines returned to the abdominal cavity. The incision
was then closed in layers with a simple running 4-0 vicryl for the
abdominal wall and a running 3-0 prolene for the skin. The wound was
dressed with Telfa™ (Covidien, Ireland) and Tegaderm™ (3M, USA) and
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4.10. Histological and immunohistochemical evaluation of the aortic
grafts

The vascular grafts and adjacent aortic tissue were fixed in 4%
paraformaldehyde overnight at 4 °C, followed by embedding in OCT
compound and sectioning into 10 pm longitudinal and transverse sec-
tions on a cryotome. Modified Russell-Movat pentachrome (Abcam, UK)
and trichrome (Sigma-Aldrich) staining were performed according to
the manufacturer protocols. IHC staining for CD31 and a-SMA was
performed using primary antibody (mouse anti-rat; Santa Cruz
Biotechnology, USA) and secondary antibody (horseradish peroxidase-
conjugated goat anti-mouse; Abcam). Secondary antibody was detec-
ted by reaction with 3,3’-diaminobenzidine (DAB, Thermo Fisher Sci-
entific). Mayer’s Hematoxylin (Sigma-Aldrich) was used as a
counterstain.

4.11. Statistical analysis

Statistical analysis was performed using SPSS (IBM, USA). Values are
presented as the means =+ standard deviations, unless otherwise noted.
Statistical significance of pre-operative graft characterization was
determined by one-way ANOVA with Tukey’s post-hoc test. Statistical
significance between post-operative ultrasound measurements was
calculated by Student t-test. p-values less than 0.05 were considered
significant.
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