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Abstract
There is a clinical need for a tissue engineered vascular graft (TEVG), and combining stem cells with
biodegradable tubular scaffolds appears to be a promising approach. The goal of this study was to
characterize the incorporation of muscle derived stem cells (MDSCs) within tubular polyester
urethane urea (PEUU) scaffolds in-vitro to understand their interaction, and to evaluate the
mechanical properties of the constructs for vascular applications. Porous PEUU scaffolds were
seeded with MDSCs using our recently described rotational vacuum seeding device, and cultured
inside a spinner flask for 3 or 7 days. Cell viability, number, distribution and phenotype were assessed
along with the suture retention strength and uniaxial mechanical behavior of the TEVGs. The seeding
device allowed rapid even distribution of cells within the scaffolds. After 3 days, the constructs
appeared completely populated with cells that were spread within the polymer. Cells underwent a
population doubling of 2.1-fold, with a population doubling time of 35 hrs. Stem cell antigen-1
(Sca-1) expression by the cells remained high after 7 days in culture (77 ± 20% vs 66±6% at day 0)
while CD34 expression was reduced (19 ± 12% vs 61±10% at day 0) and myosin heavy chain
expression was scarce (not quantified). The estimated burst strength of the TEVG constructs was
2127±900 mmHg and suture retention strength was 1.3±0.3 N. We conclude from this study that
MDSCs can be rapidly seeded within porous biodegradable tubular scaffolds while maintaining cell
viability and high proliferation rates and without losing stem cell phenotype for up to 7 days of in-
vitro culture. The successful integration of these steps is thought necessary to provide rapid
availability of TEVGs, which is essential for clinical translation.
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Introduction
Cardiovascular disease is the leading cause of death in the western world, claiming almost one
million lives every year in the United States alone [1]. Most procedures used to alleviate
cardiovascular disease involve surgical implantation of vascular graft, including coronary
artery by-pass for myocardial revascularization, peripheral by-pass for limb revascularization
and arteriovenous fistulae for dialysis. In the United States, over one million vascular
procedures are performed each year involving small diameter vessels [2]. Limited availability
of autologous vessels and inadequate performance of synthetic grafts in small diameter (<
5mm.) vascular replacement make current alternatives suboptimal [3-7]. The fabrication of a
tissue-engineered vascular graft (TEVG) appears to hold great promise as alternative conduits
[8,9].

Different approaches to achieve a fully functional TEVG have been reported, including a
completely cellular approach [10,11], use of decellularized matrices [12,13], and a combination
of cells and either natural or synthetic scaffolds [8,14]. In order to achieve clinical success,
there are several criteria that must be met by a TEVG, regarding both mechanical and biological
properties [15]. Most TEVG approaches that have been developed to date have been hampered
by thrombosis, poor levels of remodeling, inadequate mechanical properties, and a lack of a
vasomotor response [8]..

Most vascular tissue engineering approaches have relied on some form of scaffold to provide
mechanical integrity to a TEVG so that it will not rupture upon implantation to the arterial
circulation [15,16]. Synthetic biodegradable polymers are particularly promising due to the
ability to control dimensions and mechanical properties of the material [9,17].

It is thought that in order to be clinically viable, a vascular tissue engineering approach should
utilize autologous cells incorporated into the scaffold [15]. Additionally, the cell source should
be easy to isolate and expand in-vitro to reduce the time of construction. While many previous
approaches have prompted the use of terminally differentiated smooth muscle (SMCs) and/or
endothelial cells, these have often shown an inability to reconstitute tissues [18]. Alternative
autologous cells for tissue engineering applications that have shown promise are multi-potent
progenitor cells that have been identified in adult tissues [19-25]. Progenitor cells are capable
of differentiating into several different hematopoietic and mesenchymal lineages[26-29] and
have recently been shown to have potential in several clinical applications including
cardiovascular, hematopoietic, and osteoarticular disorders [30-33]. In clinical vascular
medicine, a recent study showed the successful implantation of a TEVG in pediatric patients
using a biodegradable scaffold and bone marrow progenitor cells [34].

The manner by which the cells are incorporated inside the scaffold can also be an important
determinant for the feasibility of constructing a clinically viable TEVG [35]. Seeding
requirements for three-dimensional scaffolds include a high yield to maximize the utilization
of donor cells, and a spatially-uniform distribution of viable cells to provide a basis for uniform
tissue regeneration [36]. Most current approaches have relied either on static culture of the
construct within a cell suspension or dynamic intraluminal seeding within complex bioreactors
[14,37,38]. We have recently reported the development of a seeding device for tubular tissue
engineered structures that can efficiently incorporate a large number of cells in a short period
of time with an even distribution throughout the thickness [39].

The goal of this study was to combine a porous biodegradable elastomeric scaffold with
muscle-derived stem cells (MDSC) using our novel rotational vacuum seeding technique to
achieve cellularized tubular constructs in a short period of time [39].
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Materials and methods
Polymer synthesis and scaffold preparation

Poly(ester urethane)urea (PEUU) based on polycaprolactone diol (PCL, MW=2000), 1,4-
diisocyanatobutane (BDI, Fluka) and putrescine was synthesized as described previously using
a two-step solution polymerization [17]. Briefly, synthesis was carried out in a 250 mL round-
bottom flask under dry nitrogen with reactant stoichiometry of 2:1:1 (BDI: PCL: putrescine).
BDI at 15 wt% in Dimethyl Sulfoxide (DMSO) was continuously stirred with 25 wt% PCL in
DMSO followed by stannous octoate addition. The reaction was allowed to proceed for 3 h at
80°C followed by cooling at room temperature. Putrescine was then added drop wise with
stirring and the reaction was continued at room temperature for 18 hours. The resulting PEUU
solution was precipitated in distilled water, the wet polymer was immersed for 24 hours in
isopropanol to remove unreacted monomers, and the polymer was dried under vacuum at 50°
C for 24 hours.

PEUU tubular scaffolds (length = 2 cm) were fabricated by thermally induced phase separation
(TIPS), using a previously described method [40]. Briefly, PEUU was dissolved in DMSO to
form a 10% solution. The solution was then injected into a cylindrical mold consisting of an
outer glass tube (inner diameter 5.5 mm) and an inner polytetrafluoroethylene (PTFE) cylinder
(outer diameter 4.5 mm), coaxially fixed by two rubber stoppers. The mold was cooled to a
temperature of −80°C for 3 hours and was then removed and placed into absolute alcohol at
temperature 4°C for 7 days to extract the DMSO. The alcohol was changed daily. The scaffold
was immersed in water for 2 days and then freeze-dried for 24 hours. After removal of the
scaffolds from the mold, internal diameter (ID) and wall thickness were measured with a
Vernier caliper.

Cell source and culture
Mouse MDSCs were isolated by means of an established, previously described, pre-plating
technique[23]. Cells were then plated at low density (200 cells/cm2) on a 175 cm2 flask and
cultured at 37° C and 5% CO2 with complete Dulbecco's modified Eagle's medium (DMEM)
containing 10% fetal bovine serum (Atlanta Biologicals; Norcross, GA), 10% horse serum
(Invitrogen, Carlsbad, CA), 100 U/ml penicillin, and 100 μg/ml streptomycin. The cells were
expanded to the desired number and were only used between passages 10−15. Media changes
were performed every 48 hours during culture. Before use, MDSC monolayers were washed
three times in Dulbecco's modified phosphate buffered saline (DPBS) and then incubated with
0.1% trypsin for 5 minutes to remove them from the flasks. MDSCs were then centrifuged at
1200 rpm for 5 minutes to form a pellet, and then resuspended in DMEM to the desired
concentration in preparation for seeding.

Cell seeding and TEVG culture
In order to incorporate the MDSCs within the scaffold, a previously described rotational
vacuum seeding device was utilized [39]. Briefly, an airtight chamber was designed to hold
two coaxial tees in rotation along the longitudinal axis using an electrical motor (100−200
rpm). The constructs (n = 12) were mounted inside the chamber between the two tees and
simultaneously perfused with 5 ml of cell suspension (2 × 106 cells/ml) by means of a precision
syringe pump with a steady rate of 5 ml/min. During the process a constant relative negative
pressure was maintained within the chamber to facilitate transmural flow across the construct
(Fig. 1). The constructs were then flushed with 5 ml of plain DMEM in order to wash residual
cells from the lumen of the scaffolds, removed and incubated in a Petri dish for 1 hour.

After seeding, the TEVGs were placed in 500 ml spinner flasks (196580575, Bellco Glass Inc,
NJ) with 100 ml of culture media supplemented with 50 μg/ml of ascorbic acid and stirred at
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15 rpm for 7 days (Fig. 1). Control constructs were cultured either within the spinner flasks
without ascorbic acid or in static culture in a Petri dish.

Cell distribution and TEVG morphology
To assess cell spreading and distribution, ring segments of different areas of each construct
were washed in DPBS, fixed with 2% paraformaldehyde, and embedded in cryomatrix
(Thermoshandon Inc., Pittsburgh, PA). Sections (10μm) were obtained with a cryotome
(Thermoshandon Inc., Pittsburgh, PA) and permeabilized with 0.1% Triton-X 100 solution in
PBS for 10 minutes. Next, the samples were incubated with Alexa 488-conjugated phalloidin
(Sigma Aldrich, St. Louis, MO) (dilution 1:250) for 60 minutes in a moist chamber to prevent
drying of the samples. Unbound phalloidin was removed by subsequent washes in PBS. For
nuclear visualization, cells were counter-stained with DAPI. Samples were mounted in gelvatol
and viewed at 200× under fluorescent optics using a Nikon Eclipse E600 microscope (Nikon,
Melville, NY).

To assess collagen production and TEVG histology, separate ring segments were fixed in 10%
neutral buffered formalin for 1 hour. They were then embedded in paraffin blocks and 5 μm
sections were cut using a microtome (Thermo Shandon Inc., Pittsburgh, PA). Sections were
mounted on slides, stained with Masson's trichrome and viewed under bright light optics using
a Nikon Eclipse E600 microscope. Collagen production was qualitatively assessed on acquired
images using Adobe Photoshop (v. 7.0, Adobe Systems Inc, USA).

Proliferation (MTT assay)
To assess proliferation and viability within the constructs, samples were analyzed with MTT
mitochondrial activity assay at days 1, 3 and 7. [41] Briefly, before the TEVG was fixed, three
rings of approximately equal size (normalized by weight) were randomly sectioned from each
construct and placed in the wells of a 96-well plate with 200 μl of serum free α-MEM and 20
μl of Thyazolyl Blue Tetrazolium Bromide (Sigma Aldrich, St. Louis, MO). Samples were
then incubated at 37°C for 4 hours to allow crystal formation. The supernatant volume was
carefully removed and 200 μl of 0.04 N HCl in 2-propanol solution was added to dissolve the
crystals. Samples were kept in the dark at 4°C for 24 hours. Finally, absorbance readings were
taken for 100 μl of the solution at a wave length of 550 nm using a microplate reader (Bio Rad,
Hercules, CA). The final number of cells was calculated using a standard curve generated for
previously known cell concentrations and transforming absorbance to cell number using the
equation generated by the slope of the curve. The average reading of the three rings was used
as the result for each construct.

Comparisons between groups (ascorbic acid supplemented and non-supplemented constructs)
were made by a two-tailed paired t-test and results were expressed as difference in cell number.
Population doubling time (PDT) and number of population doublings (PD) were calculated
from those values as: PD=log(cell number at day 3/cell number at day 1), PDT=Time/PD.

Stem cell characterization
Cells were characterized at day 0 (seeding day) and after 7 days of TEVG culture by flow
cytometry for CD34 and Sca-1 expression. Briefly, TEVGs were incubated with 0.1% trypsin
for 5 minutes to remove MDSCs from the scaffolds. The cells were then pelleted and blocked
with 10% mouse serum for 15 minutes. Some cells were then labelled with rat anti-mouse
Sca-1 (phycoerythrin (PE) anti-mouse Ly6A, 1 μl stock, 553336, Pharmingen, USA) and CD34
(biotinylated, 1 μl stock Purified Rat Anti-Mouse CD 34(1HC)) monoclonal antibodies for 15
minutes. The same proportion of cells were treated with equivalent amounts of isotype control
antibodies PE-Mouse IgG 2b (33805×, Pharmingen, USA) and biotin purified Rat IgG
(11021D, Pharmingen, USA). Both fractions then were washed with PBS and labelled with
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streptavidinallophycocyanin (APC, 1:300, 13049A, Pharmingen, USA). 7-amino-actinomycin
D (7-ascorbic acid D) or Via-Probe (555816, Pharmingen, USA) was added to exclude
nonviable cells from the analysis. Appropriate gating was performed to determine Sca-1 and
CD34 expression via flow cytometry with a FACS Aria (Becton Dickinson, San Jose, CA).
Cells at day 0 were processed following the same protocol.

Immunofluorescence was performed to corroborate Sca-1 expression and to assess myotube
formation (fusion) by myosin heavy chain (MHC) expression. Briefly, frozen sections were
obtained as described above and incubated with 0.1% Triton-X 100 in PBS for 10 minutes.
Non-specific binding of antibodies was blocked by incubating the samples for 45 minutes with
5% normal donkey serum in PBS with 0.5% bovine serum albumin (Fraction V, Sigma-Aldrich,
St. Louis, MO) and 0.15% glycine (Sigma-Aldrich, St. Louis, MO). Following this, the sections
were incubated at room temperature with the primary antibodies (Sca-1 (1:500) and MHC
(1:500) [Sigma-Aldrich, St. Louis, MO]) diluted in blocking solution for 60 minutes. Unbound
primary antibody was removed by subsequent washes in PBS. Next, the samples were
incubated with a Cy3-conjugated (Sigma-Aldrich, St. Louis, MO) secondary antibody (1:500)
for 1 hr at room temperature and then rinsed 3 times for 15 minutes with PBS. For nuclear
visualization, cells were counter-stained with DAPI. The samples were then mounted in
gelvatol and viewed under confocal microscopy using an Olympus F1000 confocal
microscope. Positive controls were MDSCs cultured at high density for 7 days with low serum.
Under these conditions, MDSCs undergo myogenic differentiation readily [42].

Mechanical properties
To measure uniaxial mechanical properties of the scaffolds, a tensile tester (Tytron™250, MTS
System Corp., Minneapolis, MN) mounted with a 10 lb force transducer (Model 661.11B-02,
MTS System Corp., Minneapolis, MN) was used. Dry scaffolds were cut into rings (width ∼
3 mm) and cut open to obtain a long, flat sample oriented in the circumferential direction of
the scaffolds. Adjacent samples were cut in paraffin blocks and imaged under a microscope
for measurement of the thickness of each scaffold with image-based techniques. Each specimen
was mounted in the tensile system clamps, and specimen length and width were measured with
a dial caliper. The specimens were pulled at 10 mm/min crosshead speed (strain rate ∼ 2.5%/
sec) until rupture after 10 cycles of preconditioning at 20% strain. Measured load–displacement
data were used to calculate Cauchy stress–strain by assuming an incompressible material
[43]. Ultimate tensile stress (UTS) and strain to failure (STF) were taken as the maximum stress
value before failure and its corresponding value of strain, respectively,. Burst pressure was
estimated from UTS as done previously[44] by rearranging the law of Laplace; i.e.:

where:

D0 = Unpressurized internal diameter of the scaffolds

t = Initial thickness of the tested scaffolds

Suture retention testing was performed according to American National Standard Institute/
Association for the Advancement of Medical Instruments (ANSI/AAMI) VP20 standards
employing the same tensile testing apparatus used for the uniaxial testing. Briefly, each tubular
scaffold was cut to obtain rectangular specimens (n = 5, length = 15 mm; width = 6mm) with
the short edge of each specimen originally oriented circumferentially on the original tubular
scaffold. A single loop of 5−0 PDS™ suture (Ethicon, Inc.) was created at approximately 2
mm from the short edge of each sample and secured to a hook connected to the clamp of the
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testing device. An extension rate of 2 mm/sec was used to pull the suture. Suture retention
strength was taken as the maximum force recorded prior to pull-out of the suture.

Results
Tubular PEUU scaffolds were obtained with a pore size ranging from 20 μm in the outer layer
to 200 μm in the inner layer. Final construct ID and wall thickness were approximately 4 mm
and 300 μm respectively. Immediately after seeding, nuclear staining showed a high number
of cells inside the constructs (Fig. 2-A). Distribution was even along the length and across the
entire thickness of the TEVG. Macroscopically, the constructs showed a tissue-like structure
(Fig. 2-B). After 3 days of dynamic culture, the constructs appeared completely populated with
cells that were clearly spread throughout the scaffolds (Fig. 2-C). In contrast, the cells within
the constructs that were maintained under static culture appeared to migrate from the center of
the wall toward the inner and outer edges during this timeframe (Fig. 2-D).

Proliferation analysis showed that the cells within the constructs supplemented with ascorbic
acid in spinner flask culture exhibited a rapid proliferation starting from 116 ± 76 × 103 cells/
mg (cell density per weight of construct) at day 0 and reaching 491 ± 145 × 103 at day 3 (n=3)
(Fig. 3-A). The calculated number of PD was 2.1 while PDT was 35 hrs. A significant difference
in proliferation was detected between the constructs supplemented with ascorbic acid and the
non-supplemented controls. At day 1 the TEVGs supplemented with ascorbic acid had 174 ±
30 × 103 more cells/mg than those not supplemented (p<0.05, n=3), and at day 3 the difference
was 121± 75 × 103 cells/mg (p<0.05, n=5) (Fig. 3-B).

The ascorbic acid supplemented TEVGs exhibited collagen production by day 7 while the non-
supplemented constructs did not show any collagen production (Fig. 4).

The stem cell characterization at day 7 showed no significant difference in positive expression
of Sca-1 in MDSCs,compared to that at day 0 (77 ± 20 % compared to 66 ± 6 %, respectively;
n=3; p>0.05). Initial CD34 expression level was 61 ±10 % while at 7 days it was 19 ± 12%
(n=3; p=0.011) (Fig. 5-A,B). Sca-1 positive expression by immunofluorescence was consistent
with the flow cytometry analysis (Fig. 5-C). MHC expression was only scarcely noted in
MDSCs after 7 days of culture (Fig. 5-D).

The measured UTS of the scaffold was 2.6±1.1 MPa (n=5), while the STF was 150±40%.
PBurst was estimated to be 2127±900 mmHg. Suture retention strength was measured to be 1.3
±0.3 N (n=5).

Discussion
In this alternative approach to the construction of a TEVG, we have successfully incorporated
MDSCs within a synthetic biodegradable PEUU tubular scaffold by means of a novel vacuum
and rotational seeding method. The cells were able to proliferate and populate the polymer
while in dynamic culture, retaining their stem cell features, and producing collagen when
stimulated with ascorbic acid. The seeding procedure was completed in less than 5 minutes
and the scaffolds were completely populated in 3 days. Collagen deposits were evidenced after
7 days of culture and mechanical properties of the constructs appeared to be suitable for
vascular applications.

Synthetic materials previously used as vascular grafts have varied, ranging from inert
biomaterials such as polyethylene terephlathalate (PET, Dacron®) and expanded PTFE
(Goretex©) to biodegradable synthetic polymers such as polyglycolic acid (PGA), polylactic
acid (PLA) and their copolymers[14,45-48]. While inert biomaterials do not support cell
ingrowth and are not biodegradable, PGA, PLA and its copolymers have mechanical properties
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more suitable for orthopaedic applications due to their relatively higher glass transition
temperatures and high modulus. [17] For cardiovascular applications a polymer must be elastic
to be amenable to mechanical conditioning. Porosity and pore connectivity are also important
to achieve successful cellular incorporation. PEUU biodegradable scaffolds meet all of these
requirements and are currently being studied in several tissue engineering applications [17,
40,49,50]. It has previously been shown that TIPS PEUU scaffolds have a breaking strain over
214% and a tensile strength of 1.0 MPa [17,40]. With these mechanical properties, our current
approach, as opposed to a completely cellular-based approach that needs more than 8 weeks
of culture,[10] would allow the TEVG to be implanted even immediately after seeding,
provided that the cells are incorporated successfully.

Cell seeding constitutes a key step in those tissue-engineering approaches that incorporate cells
into or onto scaffolds for culture or implantation. Desirable features for any seeding technique
include: preserving cell viability, providing a uniform cell distribution, and attaining a high
seeding efficiency, with reduced seeding time [38,39]. The vast majority of seeding techniques
for vascular tissue engineering involve surface seeding [51-54]. Bulk seeding is harder to
accomplish (particularly in tubular constructs) and usually requires an active method of
deployment [16,39]. The vacuum seeding technique utilized in this study allowed overcoming
those difficulties and also provided user independence and reproducibility which is another
essential feature for large scale clinical translation.

A similar approach to ours was recently described by Shin'oka and colleagues, where a
copolymer of L-lactide and e-caprolactone was used to create a TEVG that was successfully
implanted in human patients as a pulmonary artery replacement [34,55,56]. However, in that
application, most of the cells were found to be highly concentrated near the luminal surface
rather than inside the polymer, prior to implantation. [56] This may be related to the manual
technique utilized for the seeding.

Progenitor cells show great potential for use in tissue engineering applications and may
circumvent many of the shortcomings associated with other options in cell sourcing. Progenitor
cells are easier to harvest than terminally differentiated cells for vascular applications where
a muscle biopsy, a bone marrow aspirate or a blood aspirate are usually preferable to a blood
vessel biopsy to collect endothelial or smooth muscle cells, and usually display a rapid, almost
limitless expansion capability. MDSCs are a population of long-time proliferating cells
expressing hematopoietic stem cell markers that have previously shown the ability to retain
their phenotype for more than 30 passages with normal karyotype and were able to differentiate
into muscle, neural, and endothelial lineages both in vivo and in vitro [23,24]. MDSCs have
also been shown to have a strong self-renewal capacity and high proliferative pattern and
proved to be useful in myogenic regeneration models [21,24,57]. Their behavior inside the
PEUU scaffolds was consistent with the high proliferative features. (Fig. 3) The values for
CD34 and Sca-1 expression in monolayer are similar to previous reports [23], [42,58].
However, this is the first report to characterize the cells for their expression of CD34 and Sca-1
in a 3D environment. The observation that MDSCs maintain Sca-1 suggests that these cells
maintain their stem cell phenotype throughout the seeding and culture process. CD34 is a
surface glycoprotein which functions in hematopoiesis and hematopoietic cell adhesion [59,
60]. The role of CD34 expression in MDSCs function has not been fully elucidated [21,61],
although this marker is routinely used to characterize MDSC [62,63]. We speculate here that
the change in CD34 may be related to a change in the adhesion characteristics in the 3D
environment. Furthermore, in another type of muscle stem cell, it has been shown that CD34
varies with the activation state of the cell [64]. The scarce expression of MHC noted at 7 days
here suggests that cells are not forming myotubes, as shown in the positive controls, indicating
that spontaneous differentiation to myogenic lineage is not occurring. (Fig. 5) Maintaining the
stem cell phenotype during culture is desired in order to profit from the compelling regenerative
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capabilities of the cells when exposed to the actual vascular environment upon implantation.
The performance of MDSCs within the PEUU scaffolds described in this study adds upon their
previously reported potential in cell transplantation, making them an attractive source for
vascular tissue engineering. It is clear that for future clinical applications a faster isolation
method will be required instead of the current pre-plating technique. The potential that MDSCs
have shown in different preclinical applications [65,66] has motivated investigation of new
isolation techniques, including direct cell sorting from a muscle biopsy using CD34 and Sca-1
as the cell surface antigen. [58,61,67]. More recently, MDSC-like cells have been isolated from
human muscle biopsy using antibodies for CD56, CD34 and CD144 [68]. These studies
illustrate the feasibility of prospectively isolating stem cells via cell sorting from a skeletal
muscle biopsy.

It is widely accepted that a successful TEVG will not likely be constructed in static culture
[8,15] due to the decreased nutrient transfer inside the walls of the scaffold compared to
dynamic culture. Indeed, this possibly explains the cell migration toward the edges observed
in the controls of the current study. (Fig. 3) Several studies have utilized perfusion bioreactors
to overcome this problem and to provide the TEVG with a more realistic mechanical
environment, which is also thought to be important to drive the cells into the desired phenotypic
lineage.[16,20,69,70] We have demonstrated here that spinner flask culture has the ability to
increase nutrient transfer inside a 2-cm long TEVG while maintaining the simplicity of a
standard culture method, making it more attractive for clinical applications where the set-up
of a complex bioreactor might represent a limiting factor.

The mechanical properties of the tubular scaffolds were demonstrated to be similar to those of
native arteries. The reported burst pressure for human internal mammary arteries is 4225±1368
mmHg and the suture retention force is 1.96±1.16 N. [11], which are comparable with the
values we obtained for the scaffolds.

Although MDSCs have previously been shown to differentiate into endothelial cells in vivo,
one limitation of this study is the lack of a functional endothelial layer to prevent acute
thrombosis upon implantation. However, anticoagulation during the initial period of the
engraftment might be enough to allow tissue remodeling and complete endothelialization.
Ongoing studies to test that hypothesis in vivo will help to determine whether seeding an
endothelial layer in vitro is required. Another limitation of the study is the ability of these
experiments to test the clinical feasibility of the spinner flask due to the length of the constructs.
Longer scaffolds might require a modification of the culture system to achieve the same nutrient
transfer observed in this work.

Conclusion
We describe here the in-vitro fabrication of a TEVG in which MDSCs could be effectively
incorporated into biodegradable tubular scaffolds where they proliferated and produced
extracellular matrix while maintaining their stem cell phenotype in spinner flask culture for 7
days. The original and successful integration of scaffold materials, stem cells, bulk seeding
and dynamic culture in this approach may lead to a rapidly available TEVG, which is essential
for clinical use.
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Figure 1.
Principle of action of seeding technique (39) and dynamic culture. The seeding solution was
transluminally infused (A) into a rotating porous scaffold (B), yielding a seeded TEVG
construct (C). Spinner flask culture rotating at 15 rpm was used to enhance nutrients diffusion
(D).
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Figure 2.
Macroscopic and microscopic aspect of MDSC-seeded TEVG. A) The constructs showed
uniform transmural cellular distribution immediately after seeding. B) The macroscopic aspect
after seeding resembled native tissue and had appropriate suturing features as demonstrated
with a prolene 7.0 suture and a CV-1 needle. C) After 3 days of culture, the constructs were
placed into spinner flasks, cells were spread through the entire thickness of the scaffolds. D)
The static controls showed cell accumulation at the edges of the polymer. Green = phalloidin,
blue = DAPI, arrowheads = lumen, scale bar = 100 um.
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Figure 3.
Proliferation analysis with MTT assay. A) The cells appeared viable and proliferated rapidly
inside the constructs. B) Ascorbic acid enhanced proliferation in dynamic culture. The bars
represent the differences in cell number between constructs supplemented with ascorbic acid
and non-supplemented controls. The difference was significant both at day 1 (p < 0.05, n=3)
and at day 3 (p < 0.05, n=5). The results are normalized by weight and the differences are
expressed as means ± SD analyzed with a paired T-test.

Nieponice et al. Page 15

Biomaterials. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
TEVG histology with Masson's trichrome. After 7 days, the constructs supplemented with
ascorbic acid (left) had visible collagen deposition (black arrow on inset), differently from the
controls (right) with no ascorbic acid. Blue = collagen, arrowheads = lumen, scale bar = 100um.
Inset scale bar = 10 um.
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Figure 5.
Stem cell characterization. A) Sca-1 and CD34 expression measured by flow cytometry. B)
Sca-1 remained high and unchanged (p>0.05) while CD34 expression was decreased (p=0.011)
after 7 days in culture. C) Sca-1 expression was confirmed by immunofluorescence. Red =
sca-1, scale bar = 10um. D) MHC expression was scarce suggesting a low incidence of fusion
and myotube formation. Positive control (inset) shows myotube formation of monolayer
MDSCs. Red = MHC, blue = nuclei.
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