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Abstract Centrifugal casting allows rapid biofabrication
of tubular tissue constructs by suspending living cells in
an in situ cross-linkable hydrogel. We hypothesize that
introduction of laser-machined micropores into a decellu-
larized natural scaffold will facilitate cell seeding by
centrifugal casting and increase hydrogel retention, without
compromising the biomechanical properties of the scaffold.
Micropores with diameters of 50, 100, and 200 pm were
machined at different linear densities in decellularized
small intestine submucosa (SIS) planar sheets and tubular
SIS scaffolds using an argon laser. The ultimate stress and
ultimate strain values for SIS sheets with laser-machined
micropores with diameter 50 pm and distance between
holes as low as 714 um were not significantly different
from unmachined control SIS specimens. Centrifugal
casting of GFP-labeled cells suspended in an in situ cross-
linkable hyaluronan-based hydrogel resulted in scaffold
recellularization with a high density of viable cells inside
the laser-machined  micropores.  Perfusion  tests
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demonstrated the retention of the cells encapsulated within
the HA hydrogel in the microholes. Thus, an SIS scaffold
with appropriately sized microholes can be loaded with
hydrogel encapsulated cells by centrifugal casting to give a
mechanically robust construct that retains the cell-seeded
hydrogel, permitting rapid biofabrication of tubular tissue
construct in a “bioreactor-free” fashion.

1 Introduction

Small diameter tissue-engineered vascular grafts are con-
sidered a holy grail for vascular surgery [1, 2]. During the
past two decades, great progress has been made in using
decellularized extracellular scaffolds [3-6] for vascular
tissue engineering [7-9]. Among these, the acellular small
intestine submucosa (SIS) has been suggested as a vascular
prostheses and a scaffold for tissue-engineered vascular
graft [10-12]. In canine models, the acellular vascular graft
remains patent for up to 5 years [13]. However, endoge-
nous endothelization is variable in different experimental
animal models, and it is thought that in humans the
effective, spontaneous in vivo endothelization of acellular
scaffold would not occur without a targeting mechanism to
attract cells. Thus, xenogenic porcine SIS must be endo-
thelialized in order to reduce thrombogenicity and improve
graft biocompatibility. While SIS can be endothelialized
in vitro [10, 14], endothelization with autologous patient-
derived cells would be problematic. Such a therapy would
only be appropriate for patients with planned surgery,
because recellularization of cardiovascular implants with
host cells prior to implantation is not an intraoperative
procedure; several weeks advance planning would be
required.
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Rapid transmural capillary ingrowth provides a source of
intimal endothelium and smooth muscle in porous PTFE
prostheses [15]. Any modifications of vascular graft pro-
cessing which can enhance in vivo recellularization will
improve clinical utility. For example, laser perforation of
chemically stabilized natural acellular vascular graft mate-
rials [16, 17] has been explored as a potential mechanism for
improving post-implantation endothelization and remodel-
ing. Thus, spontaneous endothelization of biosynthetic
ovine vascular prostheses (Omniflow, Bionova, Melbourne,
Australia) can be achieved by transmural capillary ingrowth
through laser-made perforations in the wall of prostheses in
an experimental sheep model [17]. In vivo endothelization
of vascular matrix through laser-made micropores (ovine
carotid arteries decellularized by dye-mediated photooxi-
dation Photofix TM, Sulzer-Carbomedics, Austin, TX,
USA) [16] have been also demonstrated. However,
6 months after implantation, thicker and more differentiated
intima had formed in the laser-perforated graft. The authors
concluded that enhanced endothelial coverage did not
improve graft patency because inadequately controlled
intimal thickening overshadowed the expected benefit of
enhanced endothelization [16, 17]. In other studies, in vivo
cell seeding of expanded polytetrafluoroethylene graft with
immobilized anti-CD34 antibodies successfully accelerated
endothelization but also stimulated intimal hyperplasia [18].
Thus, in vivo endothelial progenitor cell-seeded grafts
could be potentially risky [19, 20]. Based on these obser-
vations it appears that (i) micropore size and density, (ii) the
mechanical properties of scaffold (mechanical compliance),
and (iii) the biological characteristics (activation, quies-
cence and level of differentiation and plasticity) of recruited
endothelial progenitor cells or endothelial cells are all
important determinants of the long-term patency of vascular
grafts based on laser-perforated acellular scaffolds.

We recently developed centrifugal casting technology
[21] which allows rapid recellularization of a tubular vas-
cular scaffold cells suspended within an in situ cross-
linkable hyaluronan hydrogel [22]. Additional preliminary
experiments then demonstrated that retention of such a
hydrogel on an acellular vascular scaffold was very poor,
most likely due to weak adhesion between the hydrogel and
inner wall of the scaffold. We hypothesized that using laser
perforation would create a microporous scaffold which
could undergo more rapid recellularization and show
increased hydrogel retention without compromising bio-
mechanical properties of the scaffold. Moreover, the laser-
perforated scaffold combined with a centrifugally cast
biomimetic functional hydrogel containing embedded cells
could both enhance the desired endothelization while pre-
venting the undesired intimal thickening in vivo.

Development of rapid biofabrication technology which
ensures retention of hydrogel and cell viability in porous
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scaffold and does not alter biomechanical properties of
hydrogel is the first critically important step in this
approach. Herein we report that laser-machining of mi-
cropores of optimal size and density in a decellularized
natural SIS scaffold, in combination with centrifugal
casting of in situ cross-linkable hydrogel, does not com-
promise biomechanical properties of scaffold. Moreover,
the resulting construct shows improved retention of
hydrogel and the encapsulated cells, and paves the way for
development of a rapid “bioreactor-free” biofabrication of
tubular tissue-engineered constructs.

2 Materials and methods
2.1 Material

To investigate the influence of diameter of laser-machined
micropores and distance between them on the mechanical
properties of a scaffold (Fig. 1), small intestinal submucosa
(SIS) plane sheets (Cook Biotech Inc., West Lafayette, IN)
[4] were used as experimental material. The wall thickness
of SIS plane sheets was 0.152 £+ 0.012 mm.

The SIS plane sheet samples were divided into four
groups:

(1) Specimens with micropores of diameter 50 pm
(5 sheets with 3 micropores, 5 sheets with 6
micropores and 5 sheets with 9 micropores along
the 5 mm width);

(2) Specimens with micropores of diameter 100 pm
(5 sheets each having 3, 6, or 9 micropores as above);

Fig. 1 Scheme of laser-machined micropores: (a) diameter 50 pm,
(b) 100 pum and (c¢) 200 um
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(3) Specimens with micropores of diameter of 200 pm (5
sheets each having 3, 6, or 9 micropores as above);

(4) Control non-perforated SIS specimens (5 specimens,
no micropores).

Five laser-perforated tubular SIS scaffolds of diameter
5 mm were used for centrifugal casting cell seeding and for
sequential hydrogel retention test.

2.2 Laser machining of micropores

The SIS samples were placed in front of the slit lamp of an
argon laser delivery system (488 nm and 519 nm, model
Novus 2000; Coherent, Inc., Santa Clara, CA). Individual
burns were produced using focused laser spots at the marked
sites of the specimens with a beam diameter of 50 pm for
0.5 s of duration at 900 mW, a beam diameter 100 um for
0.5 s at 830 mW, and a beam diameter of 200 pm for 0.2 s
at 700 mW. Laser applications were placed one spot size
apart and the treatment goal was to keep the burns as light as
possible. To make micropores in SIS tubular scaffold the
scaffold was mounted on a glass rod which was inserted into
a positioning device. The micropores of diameter 50 pm
were burned using a template that maintained a distance of
0.75 mm between the scaffold and the laser.

2.3 Tensile tests

Dumb-bell shaped samples 5.0 mm wide in the middle
zone (n = 50) were cut with a template in order to perform
tensile tests. Tensile tests were performed using an MTS
tensile test system (The 858 Mini Bionix II Test System).
Force-elongation curves were recorded at an elongation
rate of 5 mm min ! [23] (this elongation rate usually is
used for quasi-static tensile test of soft biological tissue and
biomaterials) until a rupture of specimen, and then ultimate
stress and ultimate strain were calculated.

2.4 Cell culture

Mesodermal quail QCE-6 cells [24] transfected with green
fluorescent gene (GFP) were grown in medium consisting of
media M199 (Fisher) supplemented with 10% chicken
serum (Fisher) 100 U/ml penicillin, and 100 pg/ml strepto-
mycin sulfate. All cells were incubated in a humidified 37°C
5% CO, environment with growth media replaced every 3—
4 days. The cells were expanded to 80—90% confluence prior
to trypsinization for passage or centrifugal casting.

2.5 Preparation and cell seeding of the SECM

Thiolated HA and thiolated gelatin and were dissolved in
media 199 to give 1.25% (w/v) and 3.0% (w/v) solutions,

respectively, and the solution pH was adjusted to 7.4 by
adding 0.1 m NaOH solution [22]. Polyethylene glycol
diacrylate (PEGDA Mw 3400, Nektar) was also dissolved
in media 199 to give a 4.5% (w/v) solution. All the above
solutions were then sterilized by filtering through 0.45 pm
filter. Next, a solution of thiolated HA and thiolated gelatin
was prepared by mixing 2.8 ml thiolated HA solution and
1.2 ml thiolated gelatin solution. The pellet of centrifuged
cells was then very gently mixed to suspend the cells in the
with the HA/gelatin solution (volume of cells: volume of
solution = 1:3); immediately after adding cells, the PEG-
DA solution was added to cell suspension in a volume ratio
of 1:4 to initiate the crosslinking and gelation. Thus cells
occupied approximately 20% of volume of gel/cell mix-
ture. After careful mixing, the final cell suspension in the
gelling solution was placed in glass tubes for centrifugal
casting.

2.6 Centrifugal casting

Centrifugal casting of perforated and non-perforated SIS
scaffolds with in situ cross-linkable hydrogel was per-
formed as previously described (Fig. 2) [21].

Shortly before fabrication, the volume of hydrogel layer
and cells was calculated on the basis of given thickness of
the layer (0.2 mm) and length of the tube (less the length of
stoppers in the tube). Pyrex glass tubes B-YF-WG6 (Small
Parts Inc.) with inner diameter 5.0 & 0.1 mm were used
for spinning. Tubes were 45 + 0.2 mm in length, and the
ends were closed using translucent Fisher brand solid sil-
icon stoppers. The SIS scaffold was placed in the glass
tube, and the estimated volume of the suspension of in situ
cross-linkable hydrogel and living QCE-6 cells was placed
in the SIS scaffold. The glass tube was tightly closed with
silicon stoppers and then fixed in the spinner. The glass
tube was spun with a speed of 2,000 rpm for 10 min,
during which time the hydrogel cross-linked.

2.7 Hydrogel retention and scaffold permeability test

The hydrogel retention test was performed in the perfusion
bioreactor [25, 26] with M199 media at 37°C. After

Fig. 2 Images of centrifugal casting of laser-perforated tubular SIS
scaffold with in situ cross-linkable hyaluronan-based hydrogel and
living cells
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centrifugal casting, the tubular SIS scaffold was placed in
the chamber of bioreactor and was perfused under an
internal pressure of 100 mmHg. A steady flow rate of
media inside the SIS scaffold was maintained at 500 ml/
min during 30 min. The hydrogel retention test was
considered negative if, after performing perfusion at
physiological level of hydrodynamics, all perforations
under microscopy observation contained living GFP-
labeled cells embedded in polymerized hydrogel and no
open (cell free) pores were observed.

The water permeability of the SIS scaffold with laser-
machined micropores of diameter 50 pm was tested after
centrifugal casting with hydrogel and cells using a perfu-
sion bioreactor [21]. The scaffold was placed in a chamber
and was cannulated and tied at both ends. The scaffolds
were loaded by internal pressure at 120, 180, 200 and
220 mmHg while maintaining the length of the sample
constant. The standard procedure of water permeability
determination was used as described in [27]. The pressure
was held constant at each step for 1 min and volume of
water passing through the wall under each fixed hydrostatic
pressure was collected.

2.8 Cell viability test

Due to technological difficulties of sectioning of hyalu-
ronan hydrogel, the GFP-labeled cells have been
employed for the study of cell viability in centrifugally
cast specimens without histological processing. As shown
previously [21], cell death is associated with loss of GFP
fluorescence. The percentage of GFP-positive and GFP-
negative cells used or embedded in the in situ cross-linkable
hydrogel were estimated before and after centrifugal
casting, respectively.

2.9 Microscopy

Laser-perforated tubular SIS scaffolds seeded with living
cells by centrifugal casting were analyzed in non-fixed
conditions under phase/fluorescent microscope (Nikon
TE2000S, Japan).

2.10 Statistics

The ultimate stress and ultimate strain were expressed as
mean values plus one standard deviation. A total of 50
specimens were analyzed. Groups of data were analyzed by
single-factor ANOVA. A P value of less than 0.05 was
considered statistically significant. When only two groups
were being compared, data were analyzed using Student’s
t-tests with a P value of less than 0.05 indicating statistical
significance.
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3 Results

3.1 Mechanical properties of laser-perforated SIS
samples

Experimental results of tensile tests of samples with dif-
ferent quantities of laser-machined micropores showed that
for micropores with a diameter of 50 um, there was no
statistical difference (P > 0.05) between ultimate stress for
control non-perforated samples and samples with either
three or six micropores: 57.09 £ 2.27 MPa, 56.63 +
3.13 MPa and 52.83 &+ 2.95 MPa, respectively (Fig. 3a).
This suggests that a distance of 714 pm or greater between
the holes (i.e., six holes per 5 mm length) does not sig-
nificantly decrease the ultimate stress. In contrast, the
ultimate stress of samples which have nine laser-machined
micropores per 5 mm length was less (P < 0.05) than the
ultimate stress of unperforated samples (57.09 £
2.27 MPa vs. 47.10 £ 5.93 MPa, respectively).

Increasing the diameter of the micropores to 100 pm
leads to a significant decrease in ultimate stress of samples
(Fig. 3b). For example, at three micropores per 5-mm
width, the ultimate stress decreases to 53.8% in comparison
with ultimate stress for unperforated specimens. With six
micropores of 200 pm diameter, the ultimate stress
decreased threefold times relative to controls (16.77 +
1.39 MPa vs. 57.09 £ 2.27 MPa, respectively).

The ultimate strain (Fig. 3c) of SIS specimens with six
50-um micropores did not differ statistically (P > 0.05)
from that for non-perforated SIS specimens (8.8 + 0.87%
and 9.8 £ 0.53%, respectively). However, 100- and 200-
pum micropores significantly decreased the ultimate
strain of specimens to 2.94 + 0.66% and 2.36 + 0.45%,
respectively. These values are statistically different from
the ultimate strain of non-perforated specimens (P < 0.05).
Thus, the experimental results show that laser-machined
micropores of diameter 50 pm do not compromise the
mechanical properties of SIS material if the distance
between micropores does not exceed 714 um.

3.2 Centrifugal casting of tubular tissue constructs

Microscopic analysis of laser-perforated tubular scaffolds
after centrifugal casting demonstrated that every micropore
contained GFP-positive viable cells at high cell density
(Fig. 4). Although occasional cells can be observed on the
inner surface of the tubular scaffold, most of the cells were
located inside the hydrogel-filled micropores.

3.3 Cell viability

The number of GFP positive cells in the in situ cross-linkable
hydrogel were not significantly different before or after
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Fig. 3 (a) Ultimate stress for whole SIS specimens and specimens
with laser-machined micropores (3, 6 and 9 micropores of diameter
50 um). Statistical significance is denoted by asterisks. (b) Ultimate
stress for whole SIS specimens and specimens with laser-machined
micropores (3, 6 and 9 micropores of diameter 100 um). Statistical
significance is denoted by asterisks. (¢) Ultimate strain for whole SIS
specimens and specimens with different diameter of laser-machined
micropores (50, 100 and 200 pm) at six micropores along the width of
specimen. Statistical significance is denoted by asterisks

centrifugal casting (Fig. 5). Additional controlled experiments
demonstrated that neither the addition of the cross-linking
mixture without centrifugation, the centrifugation process, nor
the hydrogel cross-linking chemistry, resulted in any statistical
difference with respect to cell viability (data not shown).

3.4 Hydrogel retention and permeability test

The hydrogel retention of the SIS scaffold with laser-
machined micropores was estimated microscopically after

Fig. 4 Laser-machined micropores before and after cell seeding by
centrifugally casting using in situ cross-linkable hydrogel. (a) Phase
contrast microscopy of densely packed QCE-6 mesodermal cells in
laser-machined micropores after centrifugal casting of perforated
decellularized SIS scaffolds. (b) Fluorescent microscopy of GFP-
labeled QCE-6 mesodermal cells in laser-machined micropores after
centrifugal casting of perforated decellularized SIS scaffolds. Green
staining indicates cells viability. Rare, randomly redistributed cells
are seen on the internal surface of SIS scaffold

centrifugal casting by determining the presence of cells in
hydrogel-filled micropores. From the collected volumes of
water during each of the 1 min of testing, average values of
water permeability of scaffold (n = 3) were calculated.
The water permeability was not determined at 120 and
180 mmHg, there were not leaks, drops and wettening of
perfused scaffold. No signs of hydrogel loss or associated
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Dead Cells (%)

1 2

Fig. 5 Effect of centrifugal casting on viability of QCE-6 cells. 1—
Percent of dead QCE-6 in hydrogel suspension before centrifugal
casting. 2—Percent of dead QCE-6 cells in polymerized hydrogel
after centrifugal casting. There is no statistic difference (P > 0.05)

leakage through the scaffold wall were observed at these
inner pressures. The data show that water permeability at
inner pressure 200 mmHg was 1.06 % 0.22 ml/min/cm?,
and at 220 mmHg was 1.68 £ 0.34 ml/min/cm’, respec-
tively.

4 Discussion

The main goal of this study was to demonstrate the feasi-
bility of rapid biofabrication of a tissue-engineered
vascular construct using centrifugal casting technology in
combination with a laser-perforated natural scaffold. Cen-
trifugal casting allows rapid formation of cellularized
cylindrical constructs by permitting gelation of a suspen-
sion of living cells in an in situ cross-linkable hydrogel
during axial centrifugation [21]. In preliminary experi-
ments with an acellular natural scaffold, we observed poor
retention of hydrogel on the scaffold. This appeared to be
the result of the low adhesivitiy of the hydrogel to the inner
surface of the scaffold. We hypothesized that the laser-
machining of micropores in the decellularized natural
scaffold would improve hydrogel retention and thereby
enable cell seeding by centrifugal casting, with cells being
encapsulated in the hydrogel that would be entrapped
within the pores. First, we needed to establish a pore size
and pore density that would not compromise the biome-
chanical properties of the scaffold. We selected SIS as a
model system. SIS is a well investigated and characterized
decellularized natural scaffold [4], which has also been
used as a vascular graft [11, 28-30].

To determine the optimal diameter and density of laser-
machined micropores, SIS sheets were patterned with three
different micropore diameters (50, 100, and 200 um) at
three linear densities (3, 6, and 9 pores per 5 mm). We
sought to determine the optimal micropore density which
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would (i) provide enough space for effective recellular-
ization using centrifugal casting, (ii) allow sufficient
hydrogel retention, and (iii) maintain the biomechanical
properties of the scaffold. We found that the ultimate stress
and ultimate strain of SIS sheets with laser-machined mi-
cropores with diameter 50 um and distance between holes
of at least 714 pum did not differ statistically from unper-
forated control SIS sheets. Based on these data we
proposed an optimal pattern of micropore size, density and
redistribution (Fig. 6). Our data are consistent with the
diameter of micropores suggested for increasing post-
implantation in vivo endothelization of natural scaffolds as
described by the group that pioneered laser perforation of
natural scaffolds [16, 17]. Laser perforation was first used
to machine micropores of 50-100 pm in diameter sepa-
rated by 4 mm [17], and then employed to make 50 um
pores at a density of 50 holes/cm? [16]. In both cases, laser
perforation was reported to enhance post-implantation
endothelization of employed two variants of vascular grafts
(Omniflow—BioNova, Australia and Sultzer-Carbomedics,
Austin, Texas) [16, 17]. Similarly, synthetic vascular graft
pores ranging in diameter from 30-60 pm enhanced
in vivo endothelization of synthetic porous vascular graft
through transmural vascularization [15]. It is likely that the
optimal diameter and density determined in this study will
also enable transmural vascularization and enhance post-
implantation endothelization without compromising bio-
mechanical properties of vascular graft.

The hydrogel selected was a semi-synthetic extracellular
matrix (sECM) equivalent that was developed for cell
therapy, reparative medicine, toxicology models, bioprint-
ing [31] and 3-D cell culture [32, 33]. The sSECM hydrogel

Fig. 6 Decellularized SIS tubular scaffold with biomechanically
optimal hexagonal pattern of laser-machined micropores
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is composed of chemically modified hyaluronan and gelatin
components that can be readily cross-linked in 5-30 min
with cytocompatible crosslinkers [34]. It has been
employed for delivery of autologous mesenchymal stem
cells for osteochondral defect repair in rabbits [35], for
in vivo liver repair in mice using rat and human hepatocytes
[32], and for growth of mature adipose tissue from human
adipose-derived stem cells [36]. This sECM meets the
important translational constraints that the material should
be approvable for use in humans, simple, manufacturable,
and easy to use [32]. In addition, these SECMs can be loaded
with angiogenic growth factors that dramatically accelerate
angiogenesis and the formation of mature microvasculature
in vivo [37-39]. Importantly, growth-factor loaded hydro-
gels are able to accelerate wound healing and create a
vascularized neodermis in a diabetic mouse model for
chronic, non-healing wounds [40].

There are several significant differences between the
approach described herein and previous laser-perforated
scaffold systems. First, the Austrian group [16, 17] did not
use centrifugal casting combined with an in situ cross-
linkable hydrogel. The extracellular matrix for transmural
angiogenesis was provided in vivo by deposition of fibrin
from perfused blood as result of microthromboses associ-
ated with the micropores. Second, the micropores in the
previous vascular graft were not seeded with exogenous
living cells, and thus recellularization was able to be
accomplished in vivo. Third, we employed a non cross-
linked acellular natural matrix which could be a subject of
post-implantation in vivo remodeling, rather than a cross-
linked decellularized matrix. Basically, rather than make an
incremental improvement, we sought to develop a novel
tissue engineering technology for rapid biofabrication of
cellularized vascular tissue constructs.

To test the ability of the laser-perforated scaffold to
retain a hydrogel sSECM containing encapsulated cells, we
used GFP positive mesodermal cells from an avian source.
We selected the scaffolds with 50 pm micropores, since
these did not compromise the strength of the scaffold. We
found that these pores were effectively and rapidly recell-
ularized with living cells following 10 min of centrifugal
casting. As reported previously, centrifugally cast cell-
hydrogel suspensions result in a very high level of viability,
indicating neither the centrifugal forces (ca. 11 x g) nor the
in situ cross-linking process causes chemical or physical
damage to the encapsulated cells [21]. Moreover, centrifu-
gal casting also provided the desired cell density within the
micropores, a parameter that can be further adjusted by
simply changing the cell concentration in the pre-gelled
suspension. Additionally, as shown by the perfusion reten-
tion test, the laser-perforated scaffolds provided much
improved hydrogel retention in the scaffold. At a physio-
logical blood pressure, no undesirable pressure-induced

leaks were visually observed. Finally, the cell seeding using
centrifugal casting was achieved in only 10 min, without
the use of a perfusion bioreactor. This feature substantially
reduces the time and expense for preparing a cellularized
construct. Taken together, centrifugal casting in combina-
tion with a laser-perforated “off-the-shelf” acellular
scaffold and an sSECM in situ cross-linkable hydrogel
designed for cell therapy applications offers a rapid, “bio-
reactor-free” method for cell seeding.

Importantly, centrifugal casting of laser-perforated bio-
mechanically robust acellular natural scaffolds could be
used for rapid biofabrication of variety of both tubular and
planar (folded into tube) tissue-engineered constructs. A
variety of natural allogeneic and xenogeneic acellular
scaffolds are already approved for human use [3].

Does the hyaluronan-based sSECM hydrogel improve the
retention and proliferation of the encapsulated cells, and can
it contribute to cellular differentiation and remodeling to
form an implantable tissue-engineered vascular replace-
ment? Could this be used intraoperatively with autologous
cells, or is this an unnecessary additional procedure without
any potential benefit? In order to address this question, we
must consider potential negative outcomes and complica-
tions that can occur after implantation of laser-perforated
vascular graft.

Six months after implantation, laser-perforated acellular
vascular grafts develop intimal thickening that is almost
twice that observed in non-perforated control grafts [16]. It
appears that endothelization of the perforated materials may
actually promote intimal thickening. This paradoxical result
has been previously reported. For example, Conte et al. [41]
demonstrated that graft endothelization increased intimal
thickening. Moreover, in vivo cell seeding of an expanded
polytetrafluoroethylene with immobilized anti-CD34 anti-
bodies successfully accelerates endothelization but also
stimulates intimal hyperplasia [18]. Thus, in vivo endo-
thelial progenitor cell-seeded grafts could be potentially
risky [19]. Kaushal et al. [9] demonstrated that seeding of
acellular scaffolds in bioreactors perfused by bone marrow
derived endothelial progenitor cells can lead to formation
both endothelial and smooth muscle cells. Rapid vascular
graft endothelization using the “sodding technique” also
leads to development of intimal thickening [42].

Taken together, these data strongly suggest that end-
othelization (at least in certain situations) could promote
undesired intimal thickening. There are at least two
potential cellular mechanisms that can explain develop-
ment of endothelization associated intimal thickening: (i)
endothelial-mesenchymal transformation [43], and (ii)
recruitment of circulating progenitor cells by activated
endothelium followed by their differentiation into colla-
gen-producing cells [44]. Both activated endothelial cells
and endothelial progenitor cells with insufficient levels of
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differentiation, quiescence and confluence can contribute to
this outcome. These cells have the potential to either
enhance recruitment of circulated endothelial progenitor
cells, or to undergo differentiation and transdifferentiation
into myofibroblast-like alpha-smooth muscle actin positive
collagen-producing intimal cells [45]. One strategy to
minimize intimal thickening would be to reduce cell
adhesion to the substratum through the use of a cell-free
in situ cross-linkable athrombogenic hydrogel. Indeed,
hyaluronan-based hydrogels are broadly used for non-
thrombogenic coating medical device and catheters [26].
Moreover, the in situ cross-linkable hyaluronan gels anal-
ogous to the SECM used herein has low cell adhesivity and
has been employed for prevention of post-surgical adhe-
sions in abdominal surgeries [46].

A second strategy employs the in situ cross-linkable
SsECM hydrogel modified in such way that it can potentially
enhance desirable endothelization while simultaneously
preventing undesirable intimal thickening in vivo. The
in situ cross-linkable hydrogel can be augmented with
angiogenic and endotheliogenic factors (e.g., angiopoetin-
1, vascular endothelial growth factor, basic fibroblast
growth factor) using the sECM technology [38, 39, 47].
The delivery of single or dual growth factors from an
sECM promotes in vivo post-implantation angiogenesis
[37, 38] and associated transmural angiogenesis induced
endothelization. These constructs are also efficient in
accelerating closure, remodeling, and revascularization of
wounds in diabetic animals [40]. More cell-specific
recruitment of circulating endothelial progenitor cells with
concomitant rapid formation of confluent quiescent endo-
thelial monolayers can be achieved with SECM hydrogels
incorporating functional peptides [48-50] or specific anti-
bodies. The hydrogel-mediated directed differentiation of
encapsulated cells into desired cell lineages or directed
modification of cell and tissue phenotypes is a reasonable
outcome using this strategy.

Finally, it is important to indicate that the presence of
living cells in laser-perforated centrifugal cast scaffolds
with estimated micropore distance of 714 pum is permissive
for effective post-implantation recellularization of acellular
matrix. The use of in situ cross-linkable SECM hydrogels
with well defined and tailored chemical functionalities
would enable these studies. Testing a laser-perforated,
biomechanically compliant, acellular natural tubular scaf-
fold containing centrifugally cast cells in an SECM in vivo
will be pursued in due course.

5 Conclusion

We have shown that laser-machined micropores of an
optimal size and density in a decellularized natural SIS

@ Springer

scaffold can be combined with centrifugal casting of a cell-
seeded, in situ cross-linkable hydrogel. The laser perfora-
tion does not compromise biomechanical properties of
scaffold, and substantially improves the hydrogel and cel-
lular retention by the scaffold. This rapid, “bioreactor-
free” biofabrication of tubular tissue-engineered construct
has the potential for using cost-effective, “off-the-shelf”
materials to create implantable tissue-engineered vascular
grafts. Moreover, the constructs will allow systematic
studies in vivo to probe the molecular and cellular mech-
anisms of endothelization and vascular intimal thickening.
The constructs can also explore permissive and non-per-
missive conditions for recruitment of circulated endothelial
progenitor and stem cells and acellular scaffold recellu-
larization and remodeling.
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