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Nanostructured biomaterials have tremendous potential for tissue
engineering. However, the performance and integration of the
nanomaterials in vivo are not well understood. A challenge in
vascular tissue engineering is to develop optimal scaffolds and
establish expandable cell sources for the construction of tissue-
engineered vascular grafts that are nonthrombogenic and have
long-term patency. Here, we used tissue-engineered vascular
grafts as a model to demonstrate the potential of combining
nanofibrous scaffolds and bone marrow mesenchymal stem cells
(MSCs) for vascular tissue engineering. Biodegradable nanofibrous
scaffolds with aligned nanofibers were used to mimic native
collagen fibrils to guide cell organization in vascular grafts. The
results from artery bypass experiments showed that nanofibrous
scaffolds allowed efficient infiltration of vascular cells and matrix
remodeling. Acellular grafts (without MSCs) resulted in significant
intimal thickening, whereas cellular grafts (with MSCs) had excel-
lent long-term patency and exhibited well organized layers of
endothelial cells (ECs) and smooth muscle cells (SMCs), as in native
arteries. Short-term experiments showed that nanofibrous scaf-
folds alone induced platelet adhesion and thrombus formation,
which was suppressed by MSC seeding. In addition, MSCs, as ECs,
resisted platelet adhesion in vitro, which depended on cell-surface
heparan sulfate proteoglycans. These data, together with the
observation on the short-term engraftment of MSCs, suggest that
the long-term patency of cellular grafts may be attributed to the
antithrombogenic property of MSCs. These results demonstrate
several favorable characteristics of nanofibrous scaffolds, the ex-
cellent patency of small-diameter nanofibrous vascular grafts, and
the unique antithrombogenic property of MSCs.

blood vessel | nanofibrous scaffold | tissue engineering |
vascular remodeling

N anostructured materials have tremendous potential for
tissue engineering. Electrospinning technology can be used
to generate nanofibrous scaffolds made of synthetic polymers or
native matrix molecules. Electrospinning is based on the prin-
ciple that the surface tension associated with a single droplet can
be overcome with an applied electric field, thereby creating a
Taylor cone and drawing the droplet into a stream in the
direction of the field (1, 2). In the past few years, there has been
a significant growth of research activities to explore the appli-
cations of electrospun nanofibers. The use of electrospinning to
generate functional nanofibrous scaffolds for tissue regeneration
is particularly exciting because the structure and morphology of
electrospun scaffolds can be manipulated to resemble those of
the extracellular matrix (ECM), therefore creating a more
“familiar” environment for the cells. Synthetic polymer scaf-
folds, such as those composed of lactic or glycolic acids, are
biocompatible, have configurable mechanical properties, and
can be easily modified to incorporate proteins and peptides.
Recent studies have shown that electrospun nanofibers of poly-
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mers and matrix proteins allow the adhesion, proliferation, and
organized assembly of cells in vitro (3—-8). However, the perfor-
mance of nanofibrous scaffolds in vivo is not well understood.
Here, we used a nanofibrous vascular graft as a model to
investigate the remodeling of nanofibrous scaffold in vivo.

Cardiovascular disease is the leading cause of death in the
United States. Treatment of vascular disease is accordingly a
large proportion of health care expenditures. For example, every
year >500,000 coronary artery bypass procedures are per-
formed. However, the use of arterial and venous grafts neces-
sitates surgical harvest and the associated morbidity and cost.
Currently available synthetic vascular grafts are limited to large
internal diameter (>5 mm) grafts because of frequent throm-
bosis and occlusion. To overcome these limitations, we explored
a tissue engineering approach to construct small-diameter vas-
cular grafts.

Native blood vessels have three distinct layers: a potently
antithrombogenic endothelial cell (EC) monolayer, a medial
layer that is mainly populated by aligned smooth muscle cells
(SMCs) embedded in three-dimensional ECM (mainly collagens
and elastin), and an adventitial layer of connective tissue. In the
past, SMCs and ECs, in combination with ECM or polymers,
have been used to fabricate tissue-engineered vascular grafts
(TEVGS) (9-13). Although significant progress has been made,
reliable and expandable cell sources, especially nonimmuno-
genic cell sources, for the construction of vascular grafts have not
been established and scaffolds need to be optimized.

Bone marrow is one of the most abundant sources for adult
stem cells. Bone marrow MSCs can differentiate into a variety of
cell types (14, 15), can be expanded millions of folds in culture,
and can modulate immune responses by suppressing both B and
T cell functions (16, 17). Thus, it may be feasible to use bone
marrow MSCs to construct autologous or allogeneic (off-the-
shelf) TEVGs. However, whether MSCs have an antithrombo-
genic property or whether other cells (e.g., ECs) are needed to
prevent thrombosis remains unexplored.

In this study, we used TEVGs as a model to demonstrate the
potential of combining nanofibrous scaffolds and bone marrow
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MSCs for vascular tissue engineering. We showed that nanofi-
brous TEVGs facilitated efficient cell recruitment and organi-
zation, significant ECM synthesis and self-assembly, and excel-
lent long-term patency. Furthermore, we revealed the
antithrombogenic properties of MSCs and the underlying mech-
anism, which may have significant impact on the use of MSCs for
vascular tissue engineering and regenerative medicine.

Results

Fabrication and Characterization of Nanofibrous Scaffolds. For scaf-
folds, it is desirable to use materials that are biocompatible,
biodegradable (in tune with tissue remodeling), bioactive, me-
chanically durable, and similar to the ECM structure in native
blood vessels. We used electrospinning technology to fabricate
nanofibrous scaffolds from poly(L-lactic acid) (PLLA), an FDA-
approved, biodegradable, and biocompatible polymer. The cells
and ECM fibrils in the vascular wall aligned in the circumfer-
ential direction (Fig. 1a). To simulate the dimension and mi-
crostructure of native collagen fibrils in the wall of a native
artery, we applied uniaxial stretch to electrospun PLLA mem-
branes and produced PLLA membranes with aligned electro-
spun nanofibers ~0.5-1 um in diameter (Fig. 15). The mem-
branes were ~50 wm thick and highly porous, which allowed the
homing and penetration of cells into the membranes for tissue
regeneration. These membranes were mechanically durable with
a Young’s modulus of 12 MPa, which was similar to that of the
native vessel.

To determine the interactions of SMCs and MSCs with
nanofibrous membranes, in vitro experiments were performed by
seeding human SMCs and MSCs on nanofibrous membranes.
SMCs and MSCs seeded on membranes with aligned nanofibers
(Fig. 1 ¢ and d) had cellular organization and alignment similar
to that of the native artery, suggesting that nanofibrous scaffolds
mimicked native collagen fibrils and guided cell organization.

Fabrication of TEVGs. To construct a vascular graft, MSCs were
seeded on a nanofibrous membrane (Fig. 1e) and rolled around
a 0.7-mm mandrel (Fig. 1f). The mandrel was removed, yielding
a tubular shape with MSCs embedded within the walls of the
graft. Three days later, the graft was implanted into the common
carotid artery (CCA) by using a bypass procedure (Fig. 1g).

Live/dead assays were performed to determine whether cells
survived after the rolling process and surgical procedures. After
a 1-d incubation period after physical handling (rolling and
removal from the mandrel), almost all of the cells were calcein-
positive (live) and ethidium bromide-negative (dead) (data not
shown). This finding suggested that the cells were not detrimen-
tally affected by the physical handling and were viable at the
preimplantation period. Another live/dead assay was performed
on a graft adjacent to an MSC graft that was being implanted to
determine the viability of the cells during the suturing procedure.
The graft was immersed in the interstitial cavity fluids and
Dulbecco’s modified Eagle’s medium (DMEM) was dripped
onto the graft during the surgery. Almost all of the cells were
calcein-positive and ethidium bromide-negative after surgery,
indicating that they were viable at all stages during implantation
(Fig. 1h).

Cell Organization in TEVGs. We implanted the grafts into rats for up
to 60 d and examined the remodeling of vascular grafts in vivo. After
60 d, acellular grafts had significant intimal thickening and inward
remodeling in the lumen (Fig. 2a), suggesting that nanofibrous
scaffold alone could not remain patent in the long term. In contrast,
MSC-seeded vascular grafts showed little intimal thickening, sug-
gesting that MSC:s could block the inflammatory responses induced
by nanofibrous scaffolds (Fig. 2b).

To determine the cellular components and organization in the
vascular grafts, cross-sections of the vascular grafts were stained
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Fig. 1. Characterization of biomimetic cell-scaffold interactions. (a) En face
staining of SMCs in a native rat CCA after EC denudation. The samples were
stained for actin filaments by using FITC-conjugated phalloidin (green), and
they were counterstained for nuclei by using propidium iodide (red). (Scale
bar, 20 um.) (b) SEM of aligned nanofibers made from PLLA. (Scale bar, 10 um.)
(c) Human aortic SMCs seeded on aligned nanofiber surface, with same
staining as in a. (Scale bar, 20 um.) (d) MSCs seeded on aligned nanofiber
surface, with same staining asin a. (Scale bar, 20 um.) (e) Schematic illustration
of cells seeded on a piece of nanofibrous membrane coated with fibronectin.
(f) Embedding cells in the tubular grafts by rolling the nanofibrous mem-
brane. (g) An end-to-end anastomosis procedure of the vascular graft sutured
to the CCA in a rat. The arrows indicate the two ends of the graft. (h) Cell
survival in a vascular graft after surgery process. En face live/dead staining of
a TEVG was performed to show calcein-positive (live) cells in green and
ethidium bromide-positive (dead) cells in red. (Scale bar, 200 um.)

for CD31 and myosin heavy chain (MHC) to locate EC and SMC,
respectively. CD31 staining showed that the lumen of both
acellular and cellular grafts was covered with an EC monolayer
(Fig. 2 ¢ and d), suggesting that ECs from the host contribute to
the endothelialization process in the vascular grafts. Temporal
analysis demonstrated that the lumen surface of the grafts were
negative for ECs after 7 d, and the endothelialization of vascular
grafts could be achieved within 1 month in both acellular and
cellular grafts (data not shown). Interestingly, some ECs were
identified in the outer layer of the grafts or within the vascular
wall (Fig. 2 ¢ and d), suggesting that there might be angiogenesis
within the grafts. Indeed, when we retrieved vascular grafts from
animals, the invasion of some microvessels into the grafts from
the surrounding tissue was visible.
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Fig. 2.  Cell organization and ECM remodeling after 60 d for acellular and
cellular small-diameter nanofibrous vascular grafts. Images are representa-
tives from at least three independent samples. (a and b) Hematoxylin/eosin
(H&E) staining of a cross-section in an acellular graft (a) and a cellular (MSC-
seeded) graft (b) 60 d after implantation. (Scale bar, 100 um.) (c and d) CD31
staining of cross-sections for ECs in acellular (c) and cellular (d) vascular grafts.
The samples were counterstained with H&E. CD31 staining is shown in brown.
Arrows indicate EC monolayer on the lumen surfaces. (e and f) MHC staining
of cross-sections for SMCs in acellular (e) and cellular (f) vascular grafts. MHC
staining is shown in brown. Arrows indicate SMCs. (g and h) ECM remodeling
in acellular (g) and cellular (h) vascular grafts. Verhoeff's elastic staining of
cross-sections highlights collagen (pink) and elastin (black). Arrows indicate
positive elastin staining. (Scale bar: c—h, 100 um.) *, area with PLLA polymer.

Both early (a-actin; data not shown) and late (MHC) markers
were used to confirm the presence of SMCs. The acellular grafts
at both 30 (data not shown) and 60 d stained positively for SMC
markers (Fig. 2e). SMCs were widely distributed within the graft
wall, with most of the SMCs in the area with intimal thickening.
All MSC-seeded grafts at 60 d showed SMC-positive staining in
a tight, confined band adjacent to the lumen (Fig. 2f) and did not
show significant intimal hyperplasia. The well organized EC and
SMC distribution in MSC-seeded grafts simulated that in native
arteries, suggesting that cellular nanofibrous scaffolds allowed
self-assembly and remodeling of vascular grafts in vivo and that
long-term patency of cellular grafts could be achieved.

ECM Remodeling in TEVGs. ECM remodeling is another critical
factor for the long-term stability of vascular grafts. To determine
the synthesis and remodeling of ECM in the wall of vascular
grafts, cross-sections of MSC-seeded vascular grafts were
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stained for collagen and elastin, the main structural ECM
components in a native artery. At 1 and 7 d, there was no elastin
deposition, and minimal collagen deposition was detected (data
not shown). After 60 d, both acellular and cellular grafts had
extensive collagen deposition in the scaffolds (Fig. 2 g and h).
However, only the MSC-seeded grafts developed an elastic
lamina layer adjacent to the lumen (Fig. 24). In the acellular
grafts, diffuse elastin staining was found at the border zone
between the polymer scaffold and the neointima. These results
suggested that ECM structure and components in cellular grafts
also mimicked those in native arteries.

Antithrombogenic Property of MSCs in Vivo. To elucidate the
mechanism of long-term patency and biomimetic remodeling of
cellular vascular grafts, we performed short-term experiments to
examine the lumen of acellular and cellular grafts. Because
thrombosis is the major failure factor of small-diameter vascular
grafts, we carried out more detailed analysis on platelet adhesion
and thrombus formation. SEM revealed that acellular grafts had
significant amounts of platelet aggregation 2 h after implanta-
tion, which covered the nanofibrous scaffold (Fig. 3a). In
contrast, the MSC graft exhibited very little platelet aggregation
on the luminal surfaces; MSCs and the underlying nanofibrous
scaffold were easily detectable (Fig. 3b). Cross-sectional staining
also showed thrombus formation on the luminal surface of
acellular grafts but not of MSC-seeded grafts (Fig. 3 ¢ and d).
Platelet activation/aggregation and thrombus formation are an
immediate host response to foreign-body materials; our results
suggested that MSCs could have an antithrombogenic property.
Consistently, the results at 60 d showed significant intimal
thickening in acellular grafts but not in MSC-seeded grafts (Fig.
3eandf). In all experiments, only one acellular graft in a rat was
occluded completely. Statistical analysis demonstrated that the
lumen area of the cross-sections blocked by intimal tissue was
significantly higher in acellular grafts after 1 and 2 months (Fig.
3g). Interestingly, intimal thickening stabilized between 1 and 2
months, suggesting that most of the intimal thickening developed
within the first month. It is conceivable that the long-term
patency of MSC-seeded vascular grafts was mainly because of
the antithrombogenic property of MSCs in the early phase.

Antiplatelet Adhesion Property of MSCs in Vitro. A dogma in the
construction of TEVGsiis to use ECs as a cellular layer to prevent
thrombosis. To compare the antithrombogenic property of
MSCs with that of vascular ECs and SMCs, we performed in vitro
experiments to determine the platelet adhesion on the surfaces
coated with gelatin (positive control), ECs, SMCs, and MSCs.
Human platelets were allowed to attach to the surfaces, and
CD41 (a platelet-specific marker) was used to identify adherent
platelets. As expected, platelets adhered and aggregated on
gelatin-coated surfaces (data not shown). MSCs and ECs per-
formed similarly against platelet adhesion (Fig. 4 a and c), and
much more platelet adhesion was observed on the SMC-seeded
surfaces (Fig. 4¢) than those seeded with MSCs or ECs. Quan-
titative analysis clearly demonstrated significantly lower platelet
adhesion/aggregation on MSCs and ECs than that on SMCs (Fig.
4g). These results strongly suggest that MSCs can be used as an
alternative to ECs for preventing thrombogenesis in vascular
reconstruction. To elucidate the underlying mechanism of an-
tiplatelet adhesion/aggregation property of MSCs, we deter-
mined the expression of antithrombogenic gene endothelial
nitric oxide synthase. However, no endothelial nitric oxide
synthase expression was detected in MSCs (data not shown). We
postulated that heparan sulfate proteoglycans on the MSC
surface might contribute to the MSC resistance to platelet
adhesion. To test this possibility, cells were treated with hepa-
rinase II to disrupt heparan sulfate proteoglycans. As shown in
Fig. 4 b, d, and h, heparinase treatment significantly increased
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Fig. 3. Antithrombogenic property of MSCs in vivo. Images are representa-
tives from at least three independent samples. (a and b) SEM characterization
of the luminal surface of an acellular graft (a) and an MSC-seeded graft (b) that
have been implanted for 2 h. (Scale bar, 5 um.) (c and d) H&E staining of
cross-sections of an acellular vascular graft (c) and a MSC-seeded vascular graft
(d) that have been implanted for 2 h. Arrows indicate thrombus on the lumen
surface. (Scale bar: ¢-f, 100 um.) (e and f) Birefringence images of cross-
sections of an acellular graft (e) and an MSC-seeded graft (f) that have been
implanted for 60 d. Arrows indicate thrombus/intimal thickening. The white
areas marked by red asterisks are PLLA polymers. (g) Statistical analysis of
intimal inward remodeling in acellular and MSC-seeded grafts. The percent-
age of the lumen occluded by the intima tissue was quantified by examining
birefringence images of cross-sections. *, P < 0.001, n = 3.

platelet adhesion/aggregation on MSCs and ECs, suggesting that
heparan sulfate proteoglycans play an important role in resisting
platelet adhesion/aggregation.

The Fate of MSCs in Vascular Wall. Because both acellular and
cellular grafts had efficient EC and SMC recruitment, MSC
differentiation might not be a critical factor in the remodeling of
cellular grafts in this model. Indeed, staining of the cross-
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Fig.4. Invitro comparison of ECs, SMCs, and MSCs in platelet adhesion assay.
Cells were pretreated with heparinase Il (in b, d, and f) or remained untreated
(in a, ¢, and e) before platelet adhesion assay. Human platelets were plated
onto culture surfaces seeded with MSCs (a and b), ECs (c and d), or SMCs (e and
f). After 30 min, nonadherent platelets were washed away. Platelets were
stained by using CD41 antibody (dark brown). (b) Arrow indicates an example
of platelet staining. MSCs, ECs, and SMCs were visualized by H&E counter-
staining. (Scale bar, 20 um.) (g) The number of adherent platelets on MSCs,
ECs, and SMCs after 30-min adhesion. The platelets from three donors were
used in four experiments. MSC-1 and MSC-2 were from two different donors.
*, P < 0.05, n = 4. (h) The effects of heparinase Il treatment on platelet
adhesion. *, statistically significant difference between the untreated and
heparinase-treated samples (P < 0.05, n = 4).

sections of TEVGs after 7 d showed that most of the cells in the
wall of TEVGs were from the host [supporting information (SI)
Fig. 5], suggesting that the majority of MSCs had short-term
engraftment.

Discussion

Our results demonstrate that nanofibrous scaffolds allow the
remodeling of vascular grafts in both cellular and ECM content,
similar to that of the native artery. The finding of the antithrom-
bogenic property of MSCs has important implication for vascular
tissue engineering. The combination of antithrombogenic and
nonimmunogenic MSCs with nanofibrous scaffolds is a prom-
ising approach to fabricate ideal small-diameter vascular grafts
(e.g., autologous or allogeneic) that may be translationally
applied to clinical settings.

In this study, we showed that the nanofibrous structure of the
scaffolds allowed efficient recruitment of vascular cells and that
ECs and SMCs organized into layered structures in the vascular
wall, as in the native artery (Fig. 2 c—f). Because both acellular
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and cellular grafts had extensive recruitment of ECs and SMCs,
it is not clear how much MSCs contributed to the cell recruit-
ment process. One interesting observation is the complete
endothelialization of both acellular and cellular grafts after 2
months, although significant intimal thickening was present in
acellular grafts. Because few MSCs were found in the grafts after
2 months, the ECs should be from the host tissue (e.g., ECs in
the surrounding tissue and/or EC precursors from the circulating
blood). The relative contribution to endothelialization by the
surrounding vascular tissue and the circulating EC precursors
awaits further investigation.

Acellular and cellular grafts had similar amount of collagen
synthesis (Fig. 2 g and /). However, the organized structure of
elastin was found only in intima/media of cellular grafts. In
acellular grafts, there was disorganized and diffused elastin at
the interface of the scaffold and the intima. It is possible that
intimal thickening resulted in changes of ECM contents (e.g.,
fibrin vs. collagen) and the functions of the recruited vascular
cells, thus interfering with the synthesis and assembly of elastin.

The porous nanofibrous structure, which simulates the native
collagen fibril structure, is critical for the remodeling of vascular
grafts. The nanofibers could guide and enhance cell migration,
and the porous structure allows cell infiltration. The density of
the nanofibers is an important parameter. Indeed, when the
density of the nanofibers was too high, cell infiltration into the
wall of the grafts was inhibited (data not shown). An appropriate
nanofiber density is required for efficient cell infiltration while
maintaining the mechanical strength of the scaffold. It is inter-
esting that the porous structure of nanofibrous grafts did not
have leakage problems upon implantation. It is likely that the
multiple layers of nanofibrous structure, the seeded cells, blood
cells, and small-scale clotting may all help to prevent the leakage
through the graft wall, which needs further investigation.

Another important finding is the antithrombogenic property
of MSCs (Figs. 3 and 4). Both in vivo and in vitro experiments
showed the significant suppression of platelet adhesion and
aggregation by MSCs. Given that bone marrow MSCs form the
niche for hematopoietic cell differentiation and that MSCs are
compatible with blood cells in circulation, we argue that MSCs
can be a valuable cell source to prevent thrombosis and inflam-
matory responses. Our data suggest that the antiplatelet adhe-
sion/aggregation property of MSCs depends on cell-surface
heparan sulfate proteoglycans, which provides a rational basis
for the approach of modifying nanofiber surfaces with antiplate-
let adhesion/aggregation molecules.

The short-term engraftment of MSCs (SI Fig. 5) suggests that
the long-term patency of cellular grafts could be attributed
mainly to the antithrombogenic property of MSCs. Immunohis-
tochemical analysis did not show colocalization of human anti-
gen and vascular cell markers (MHC and CD31) (data not
shown), suggesting that MSC differentiation might not be the
main contributor of TEVG remodeling. However, besides having
an antithrombogenic effect, MSCs could participate in other
remodeling processes at the early phase postimplantation, such
as ECM remodeling and paracrine signaling, which warrants
further studies. The fate of MSCs is not clear. The gradual loss
of MSCs may be related to the relative low proliferation rate of
MSCs and the removal of MSCs by the host circulation system.

The use of bone marrow stem cells to construct TEVGs
should open new avenues for TEVG construction. For exam-
ple, this approach makes it possible to construct autologous
TEVGs by using patients’ bone marrow, which provides a
solution for patients without suitable autologous grafts and
helps to decrease the surgical morbidity and costs associated
with the harvest of autologous vessels. Furthermore, a cell
bank of MSCs could be easily established and used to fabricate
allogeneic vascular grafts at a large scale and could also be
available “off the shelf.” Alternatively, acellular vascular
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grafts can be fabricated by modifying the surface of nanofibers
to make it antithrombogenic.

Materials and Methods

Cell Culture. Human bone marrow MSCs were obtained from
Cambrex (Walkersville, MD). MSCs were cultured in MSC
growth medium with prescreened FBS (Cambrex) to allow for
cell proliferation without differentiation. MSCs up to passage 10
were used in our experiments. These MSCs were characterized
by their surface markers and differentiation potential after cell
expansion as described in ref. 18. Human aortic ECs and human
aortic SMCs were purchased from Cambrex.

Scaffold Fabrication and Characterization. PLLA (1.09 dl/g inherent
viscosity; Lactel Absorbable Polymers, Pelham, AL) was spun to
yield randomly oriented nanofibers that were ~500 nm in
diameter, and the fibers were uniaxially aligned by applying
300% strain to the nanofibrous membrane in a 65°C water bath
(8). Uniaxial fiber alignment was confirmed by light microscopy,
SEM, and the cell morphology on the nanofibers. To determine
the mechanical strength of electrospun nanofibrous scaffolds, a
sheet of the scaffold (=0.5 mm thick) was subjected to tensile
stretch at 2 cm/min loading rate by using an Instron mechanical
test system (Norwood, MA), and Young’s modulus was obtained
by quantifying the linear part of the stress—strain curve. The
PLLA nanofibrous sheets were sterilized in 70% ethanol while
under germicidal UV for 30 min before use. The sheet was
washed three times in PBS and then immersed in 1% fibronectin
(Sigma—-Aldrich, St. Louis, MO) for 30 min at 37°C. The sheet
was washed once with PBS before cell seeding.

Cell Seeding and Vascular Graft Fabrication. To determine cellular
organization on the nanofibrous structure, human SMCs or
MSCs were seeded onto aligned nanofibrous membranes in
DMEM with 10% FBS and 1% penicillin/streptomycin. After
2 d, the cells were fixed with 4% paraformaldehyde, stained for
actin filaments with fluorescein (FITC)-conjugated phalloidin,
counterstained by using propidium iodide, and subjected to
confocal microscopy (8).

To fabricate cellular vascular grafts, MSCs were seeded on a
nanofibrous sheet at a density of ~100,000 cells per cm? The
next day, the nanofibrous sheet was wrapped around a 0.7-mm
diameter mandrel and bound by a 7-0 suture to maintain the
tubular shape. The graft was then removed from the mandrel,
resulting in a tubular structure with embedded and circumfer-
entially aligned MSCs. The graft was incubated in culture
medium for 2 d before implantation. Acellular grafts were made
in the same way except that there was no cell-seeding step.

Live/dead assay (Molecular Probes, Eugene, OR) was used to
assess the viability of the MSCs after rolling the nanofibrous
sheet. Briefly, the samples were incubated in the culture medium
containing 4 uM ethidium bromide (stains dead cells) and 2 uM
calcein (stains live cells) for 1.5 h at 37°C, fixed in 4% parafor-
maldehyde, and immediately visualized by using a Nikon TE300
fluorescence microscope (Melville, NY).

Platelet Adhesion Assay. To compare platelet adhesion on differ-
ent cell types, human aortic ECs, aortic SMCs, and bone marrow
MSCs were seeded in eight-well chamber slides 48 h before blood
collection. Blood (15 ml) from healthy human volunteers, free of
platelet-active drugs, was drawn from the antecubital vein and
immediately anticoagulated with 7:1 vol/vol acid citrate dextrose.
After the blood samples were centrifuged at 300 X g (10 min) at
room temperature, platelet-rich plasma was collected for exper-
iments. Platelet-rich plasma (0.2 ml per well) was gently pipetted
onto cells in each well. Platelets on 2.0% gelatin-coated slides
were used as a positive control. After incubation for 30 min at
37°C, cells were washed with PBS three times to thoroughly
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remove free platelets. After being fixed with 4% paraformalde-
hyde, cells were blocked with 5% goat serum for 30 min at room
temperature and were incubated overnight at 4°C with mouse
anti-human CD41 antibody (Lab Vision, Fremont, CA). The
samples were incubated with biotin-conjugated secondary anti-
body and avidin-biotin enzyme reagent (ABC kit; Vector Lab-
oratories, Burlingame, CA) for 1 h. A diaminobenzidine kit was
applied to detect adhesive platelets, and a hematoxylin coun-
terstaining was performed. Four areas from each sample were
randomly selected, and the numbers of adherent platelets were
counted under a microscope with X40 magnification. The total
numbers of adherent platelets from these four images were
summed, and the results from multiple experiments from three
individual donors were subjected to analysis of variance
(ANOVA) to determine the difference in platelet adhesion on
MSCs, ECs, and SMCs. A Holm’s ¢ test was used to determine
statistical significance (P < 0.05).

To determine the role of cell-surface heparan proteoglycans
in preventing platelet adhesion, heparinase II (Sigma-Aldrich)
was added at a concentration of 0.22 unit/ml. The cells were
washed once with PBS and incubated for 30 min in DMEM with
1% FBS and 1% penicillin/streptomycin in the absence or
presence of heparinase II. The cells were washed twice with PBS
and used for platelet adhesion experiments. The ratios of the
number of adherent platelets between heparinase II-treated and
heparinase II-untreated samples were calculated for each donor.
A log-transformed ¢ test was performed to determine whether
heparinase treatment resulted in a statistically significant dif-
ference in platelet adhesion for each cell type.

Animal Studies. All procedures were approved by the Institutional
Review Board Service and Institutional Animal Care and Use
Committee at the University of California, San Francisco.
Athymic rats (6—8 weeks old, ~180 g) were obtained from the
National Cancer Institute animal facility. The rats were anes-
thetized with 2.0% isoflurane and placed in a supine position. A
small incision was made to expose and isolate the left CCA. The
CCA was clamped and ligated, and the graft was placed end-
to-end and sutured with 10-0 interrupted stitches. No heparin or
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any other anticoagulant was used at any point before or during
the implantation procedure. Retrieval of the graft involved the
same initial steps for implantation. Forty units of heparin was
injected into the external jugular vein to prevent blood clotting
during removal of the graft. The graft was removed by ligation
of native CCA directly adjacent to the suture locations. For
histological analysis, the sample was placed into OCT and
cryopreserved at —20°C. Cryosections were taken at 10-um
thickness. For SEM analysis, the samples were preserved in 2%
glutaraldehyde, processed, and imaged with a Hitachi S5000
electron microscope (Pleasanton, CA).

Immunohistochemical staining was used to analyze the sec-
tions with the following primary antibodies: CD31 (BD Bio-
sciences, San Jose, CA), human-specific nuclear mitotic appa-
ratus protein (NuMA; Santa Cruz Biotechnology), MHC (Santa
Cruz Biotechnology, Santa Cruz, CA), and o-actin (Sigma-
Aldrich). Collagen and elastin were stained with Verhoeff’s
Elastic Stain kit (American Master*Tech Scientific, Lodi, CA).
Mouse IgG isotype (Dako, Carpinteria, CA) was used in place
of primary antibodies for negative controls. Native CCAs from
rats served as positive controls for all stains. Immunohistochem-
istry images were captured with a Zeiss Axioskop 2 MOT
microscope (Jena, Germany).

To quantify inward remodeling in the lumen of vascular grafts,
cryosections were stained with Verhoeff’s elastic stain and
imaged with a birefringence filter. The cross-sectional area
enclosed by the nanofibrous scaffold and the lumen area (which
is decreased by the intimal inward remodeling) was measured
with ImageJ Software. The percentage of occluded area in each
graft was quantified by using the formula % occluded = (Areanr
— Areapymen)/Areanr, in which Areanr is the cross-sectional
area enclosed by the nanofibrous scaffold in birefringence image.
A Student’s ¢ test was used to determine whether the difference
between cellular and acellular group was statistically significant.
Two-tailed distribution was used for the analysis.
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