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Successful approaches to tissue engineering smooth muscle tissues utilize biodegradable scaffolds seeded with
autologous cells. One common problem in using biological scaffolds specifically is the difficulty of inducing
cellular penetration and controlling de novo extracellular matrix deposition=remodeling in vitro. Our hypothesis
was that small intestinal submucosa (SIS) exposed to specific mechanical stimulation regimes would modulate
the synthesis of de novo collagen and elastin by bladder smooth muscle cells (BSMC) within the SIS matrix. We
further hypothesized that the cytokines vascular endothelial growth factor (VEGF) and fibroblast growth factor-
2 (FGF-2), two key growth factors involved in epithelial mesenchymal signaling, will promote the cellular
penetration into SIS necessary for mechanical stimulation. BSMC were seeded at 0.5�106 cells=cm2 onto the
luminal side of SIS specimens. VEGF (10 ng=mL) and FGF-2 (5 ng=mL) were added to each insert in the media
every other day for up to 7 days in static culture. Following static culture, specimens were stretched strip-
biaxially under 15% peak strain at either 0.5 or 0.1 Hz for an additional 7 days. Following the culture period,
specimens were assayed histologically and biochemically for cellular penetration, proliferation, elastin, collagen,
and protease activity. Histological analyses demonstrated that in standard culture media, BSMC remained on
the surface of the SIS while both FGF-2 and VEGF profoundly promoted ingrowth of the BSMC into the SIS. The
penetration of the cells in response to these cytokines was confirmed using a Transwell assay. Following cellular
penetration, BSMC produced significant amounts of elastic fibers under cyclic mechanical stretching at 0.1 Hz
under 15% stretch, as evidenced by colorimetric assay and histology using a Verhoeff-Van Gieson stain. Protease
activity was assessed in the media and found to be statistically increased in static culture following FGF-2
treatment. These findings demonstrate, for the first time, the capability of BSMC to produce histologically
apparent elastin fibers in vitro. Moreover, our results suggest that a strategy involving growth factors and
controlled mechanical stimulation may be used to engineer functional, elastin-rich tissue replacements using
decellularized biologically derived scaffolds.

Introduction

Current techniques of tissue engineering the urinary
bladder wall using biodegradable scaffolds seeded with

autologous cells have proven successful in increasing blad-
der capacity and decreasing the pressure build up that ulti-
mately leads to kidney damage; however, problems remain
with the lack of proper tissue organization after implantation,
impairing the bladder’s ability to maintain its full function.1

Small intestinal submucosa (SIS) has been utilized previously
to engineer the urinary bladder wall with and without cell
seeding. Previous studies have shown that to maintain graft
size, cell seeding of the SIS prior to implantation is neces-
sary.2 To engineer a functional tissue replacement for the
bladder wall with controlled extracellular matrix (ECM)

production and proper bladder smooth muscle cells’ (BSMC)
alignment for contraction, mechanical stimulation may be
necessary. However, mechanical stimulation of cell-seeded
SIS is difficult due to the long periods of time it takes for
BSMC to penetrate the SIS so that it may be stretched.

Other studies utilizing BSMC seeded on an ECM scaffold
(SIS or bladder acellular matrix) proved that cellular pene-
tration was difficult to achieve in vitro without the use of
coculture with urothelium.3,4 Gabouev et al.5 have also
shown that cell penetration into SIS takes on the order of
weeks. To obtain a construct that may be mechanically
stimulated to promote ECM remodeling, cell penetration
is necessary. Although the exact signaling mechanisms
between the urothelium and BSMC in culture are unclear, it
has been noted previously that soluble growth factors are
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likely involved.6,7 Burgu et al. demonstrated the importance
of vascular endothelial growth factor (VEGF) in the devel-
opment of murine embryonic bladders in culture.7 Further,
Master et al.6 highlighted the importance of epithelial mes-
enchymal signaling in the ingrowth of fibroblasts into
bladder acellular matrix. Therefore to increase cellular pen-
etration, growth factors that are released in culture by the
urothelium may be utilized.

SIS itself contains a number of growth factors and cyto-
kines. Among the most abundant are basic fibroblast growth
factor (bFGF or FGF-2) and transforming growth factor-beta
(TGF-b).8 SIS also contains other factors such as VEGF, but
VEGF is known to degrade in the processing of the matrix.9

These growth factors and cytokines likely aid in the re-
modeling response that occurs following implantation of SIS;
however, in vitro, the inherent growth factors in the SIS may
not be adequate to promote penetration of cell types other
than fibroblasts.

FGF-2 is expressed in cell types from the mesoderm and
neuroectoderm10 and has been shown to play a role in an-
giogenesis, proliferation, and differentiation in nearly every
organ system.10 FGF-2 has been identified to play a crucial
role for stimulating skeletal muscle regeneration.11 It has also
been demonstrated that FGF-2 retains its bioactivity in SIS
following processing.9 The growth factors FGF-2 and VEGF
simulate urothelial cell presence,12 have been shown to in-
crease proliferation in BSMC derived from neurogenic
bladders,13 and have an antiapoptotic effect in culture of
human BSMC.14 Additionally, VEGF plays a role in bladder
development.7

During development, the urinary bladder undergoes re-
peated mechanical deformation that is believed to aid in the
formation of the structural ECM components of the bladder
wall.15 The arrangement of these structural components,
mainly the ECM proteins’ collagen types I and III and elastin,
allows for the bladder to stretch to more than 15 times its
original volume while filling and return to its original shape
following voiding.16 These structural components need to be
recapitulated in a tissue-engineered construct to replace
portions of the bladder wall. Utilizing collagen-rich biologi-
cal scaffolds such as SIS provides the structural support
needed; however, the scaffolds itself does not inherently
have elastin to provide the needed mechanical compliance
and recoil for repeated filling and voiding. For these afore-
mentioned reasons, we hypothesized that the growth factors
VEGF and FGF-2 may be utilized to increase cellular pene-
tration into the SIS. Further, we hypothesized that specific
mechanical stimulation regimes would modulate the syn-
thesis of de novo collagen and elastin by BSMC within the SIS
matrix.

Materials and Methods

Cell culture

BSMC were isolated from female Sprague Dawley rat
bladders as described previously17 and expanded in culture
in Roswell Park Memorial Institute (RPMI) 1640 media with
10% fetal bovine serum (FBS) and 1% Pen=Strep (PS). All
cells were used between passages 6 and 9 and seeded at
0.5�106 cells=cm2 onto the luminal side of SIS inserts (Cook
Biotech, West Lafayette, IN). This seeding density was cho-
sen based on the study by Gilbert et al. where fibroblasts

were seeded on SIS and mechanically stimulated.18 Three
separate lots of SIS were utilized for cell migration experi-
ments and one lot of SIS was used for samples undergo-
ing mechanical stimulation. A pilot study was performed
wherein two concentrations of VEGF (low 10 ng=mL and
high 20 ng=mL; Sigma-Aldrich, St. Louis, MO) and two con-
centrations of FGF-2 (low 5 ng=mL and high 10 ng=mL;
Sigma-Aldrich, St. Louis, MO) were utilized based on the
concentrations reported previously.19 A DNA quantification
assay was performed at 7 days in culture, and no significant
differences in cellular proliferation were observed between
the low and high concentrations. Therefore, either VEGF
(10 ng=mL) or FGF-2 (5 ng=mL) were added to each insert in
the media every other day for up to 7 days in culture. Fol-
lowing culture in growth factor–treated media, samples were
switched to regular culture media (RPMI 1640 supplemented
with 10% FBS and 1% PS) and then either grown in static
culture or dynamic culture for an additional 7 days.

Mechanical stimulation

Following 7 days in static culture with the exogenous
growth factors, BSMC-seeded SIS was affixed with tissue
grip springs to a tension bioreactor as described previously 20

and stretched at 15%, 0.1 Hz or 15%, 0.5 Hz under strip bi-
axial stretch with the primary direction of stretch in the
longitudinal direction, for an additional 7 days. These stretch
conditions were within a range found to promote mRNA ex-
pression of various ECM genes in BSMC.21

The peak strain chosen in this study was based on a pre-
vious study by Adam et al.21 The study by Adam et al. uti-
lized human cells as opposed to the rat bladder cells used in
the present study. The human and rat bladder cells would
potentially be different in physiology and genetic makeup;
however, the approximation of 20% is thought to activate the
contractile machinery of the smooth muscle cell.22 The level
in the present study was limited to 15% stretch due to the
stiffness of the SIS matrix.

DNA quantification

Following static and dynamic culture, samples were snap-
frozen and stored at �808C for biochemical assays. DNA
quantification was performed as described previously.23

Each sample was cut into fourths and weighed prior to ex-
traction. Samples were placed in a microcentrifuge tube and
extracted in 1 mL of 0.125 mg=mL papain solution for 10 h in
a 608C water bath. Digested samples were analyzed with a
PicoGreen dsDNA quantitation kit (Molecular Probes, Eu-
gene, OR) as per the manufacturer’s instructions and using a
TBS-380 Mini-Fluorometer (Turner Biosystems, Sunnyvale,
CA) at Ex 460 nm, Em 575 nm. There was a small amount of
DNA found in the unseeded SIS scaffold of 8.02� 2.38 mg
DNA=g wet weight, equivalent to that found in our previ-
ous study23; this amount was subtracted from the DNA
found in each sample. The total DNA quantitation was done
in triplicate with n¼ 3 per group.

Collagen and elastin assessment

Collagen and elastin concentrations were determined
based on the techniques adapted from Brown et al.,24 which
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have previously been used to quantify ECM synthesis of
ovine vascular smooth muscle cells under cyclic mechanical
flexure.25 Soluble collagen was extracted from tissue samples
using a solution of 0.5 M acetic acid (Sigma) and 1 mg=mL
Pepsin A (Sigma). Each sample was placed in a micro-
centrifuge tube and incubated in 1 mL of extraction solution
overnight (*16 h) on a rocker table operating inside a re-
frigerator at 2–88C. Elastin was extracted using a hot oxalic
acid treatment at 958C for 180 min (60 min�3). The super-
nates from the oxalic acid treatments were loaded onto
Centricon RC=YM-3 centrifugal filter units (Millipore, Bed-
ford, MA) and centrifuged at 3000 g for an additional hour.
The concentrate was then resuspended in cold (<58C) Elastin
Precipitating Reagent (UK Biocolor, Biocolor Ltd., County
Antrim, United Kingdom). Soluble collagen from the col-
lected media samples at days 2, 4, 6, 8, 10, 12, and 14 was
precipitated with 4 M NaCl. Fresh medium was used as the
control. Following the extraction steps, the collagen and
elastin extracts were assayed according to the guidelines
provided with the Sircol� and Fastin� assay kits, respec-
tively (UK Biocolor).

Protease activity

The culture media were assayed for both collagen and
bulk matrix metalloproteinase (MMP) activity. MMP activity
was assayed from the conditioned media at days 2, 4, 6, 9, 11,
and 13 utilizing a similar method to Aitken et al.26 Net
activity was assayed using the EnzCheck collagenase=
gelatinase assay kit (Invitrogen, Carlsbad, CA). DQ�-gelatin
fluorescein conjugate (0.1 mg=mL) was incubated in Tris
buffer (50 mM=L) with conditioned media for 2 h. The MMPs
then released the quenched activity of the fluorescein iso-
thiocyanate (FITC) from the FITC–gelatin. The released FITC
was measured on a fluorescent microplate reader at 495 nm
absorption and 525 nm excitation. Collagenase produced in
Clostridium histolyticum provided in the kit was used as a
positive control. Negative controls were performed with
20 mM=L of 1,10-phenanthroline to inhibit the MMP activity.
Background from SIS incubated in media was subtracted
from all samples at corresponding time points. Data are re-
ported as a summed total of activity from each day media
were changed (2, 4, 6, 9, 11, and 13).

Cell migration assays

Migration of the BSMC was assessed in two ways. First,
BSMC were seeded at 0.5�106 cells=cm2 on SIS. Three sam-
ples at 2, 4, and 6 days following culture were fixed in 10%
neutral buffered formalin for sectioning and nuclei staining
to visualize nuclei distribution in the SIS. Additionally to
quantify the effects of VEGF or FGF-2 on cellular migration
without confounding effects of the inherent growth factors in
SIS, cells were seeded on Costar Transwell Inserts (6.5 mm,
8 mm pore size; Fisher Scientific, Pittsburgh, PA) coated
overnight at 48C with type I collagen (PureCol, Sigma-
Aldrich, St. Louis, MO). Following coating, the collagen was
aspirated and inserts were dried under a laminar flow hood
for 4 h. Cells were seeded at 4�104 cells=mL in either
10 ng=mL VEGF media or 5 ng=mL FGF-2 in RPMI-1640
media supplemented with 10% FBS and 1% PS (Invitrogen).
Culture medium without growth factors was used as a
negative control. Following 24 h, cells were scraped off the

surface of the membrane, and fluorescent images were taken
across the bottom of the membrane. Image analysis was
performed with Sigmascan 4 to quantify the live cells that
had migrated to the bottom of the membrane.

Histological staining

Three samples from each experimental group were fixed
in 10% neutral buffered formalin, coated in 4% agar, paraffin
embedded, and sectioned. Sections were stained with 40,
6-diamidino-2-phenylindole (DAPI) to visualize cell nuclei or
stained with Masson’s trichrome or Verhoeff-Van Gieson
staining to visualize ECM components. Sections were im-
aged with light microscopy and captured with a digital
camera (Nikon, Melville, NY).

Statistical analysis

All data are presented as mean� standard error of mean.
Analysis of data was performed using SigmaStat 3.0. One-
way analysis of variance was performed followed by Tukey
tests for pairwise comparisons. Data were considered sta-
tistically significantly different if p< 0.05.

Results

VEGF and FGF-2 promote mitogenesis

In static culture, VEGF and FGF-2 promote significantly
higher ( p< 0.05) BSMC proliferation than standard media
alone (Fig. 1). Under dynamic culture, there were no statis-
tical differences among the stretch or static cycles in the
FGF-2– or VEGF-treated groups (Fig. 1). The regular media-
treated group did not retain any attached cells when stret-
ched during a preliminary experiment and therefore was not
cycled as a control for the VEGF- or FGF-2–treated groups.
This result was likely due to the cells on the surface of the
SIS detaching with the application of mechanical stretch.

FIG. 1. DNA quantification following 14 days culture with
7 days static growth factor treatment and 7 days no treat-
ment static or stretched. Data are presented as mean� SEM,
n¼ 6 per group. All VEGF and FGF-2 groups are statistically
significantly greater than the no growth factor–treated
group, p< 0.01. SEM, standard error of mean; VEGF, vas-
cular endothelial growth factor; FGF-2, fibroblast growth
factor-2.

GENERATING ELASTIN-RICH SMOOTH MUSCLE CONSTRUCTS 3953



Therefore, the DNA quantification of the dynamic cultures
was that of the cells that had penetrated the SIS.

VEGF and FGF-2 promote cellular migration

Histological analysis showed that in standard culture
media, BSMC remained on the surface of the SIS while both

FGF-2 and VEGF profoundly promoted ingrowth of the
BSMC into the SIS (Fig. 2). In the FGF-2–treated group, the
BSMC appeared to grow into the SIS in a cluster, whereas in
the VEGF-treated group the cells were more spread
throughout the tissue nonuniformly with small clusters seen
more toward the surface (Fig. 2, upper left corner of VEGF
DAPI image). In the transwell migration experiments, BSMC

FIG. 2. Top panel, cross-section of DAPI-stained nuclei (blue) following 7 days with growth factor treatment on SIS.
L indicates the luminal surface of the SIS where cells were seeded. Bottom panel, light microscopy image of SIS cross-section.
Images are reduced from 400�. Scale bar represents 50mm. DAPI, 40,6-diamidino-2-phenylindole; SIS, small intestinal sub-
mucosa. Color images available online at www.liebertonline.com=ten.

FIG. 3. DAPI-stained cell nuclei at days 2, 4, and 7. Images are reduced from 100�. Color images available online at
www.liebertonline.com=ten.
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migrated more rapidly from one side of the culture insert to
the other with the addition of the exogenous growth factors
(Fig. 3). Further, the exogenous growth factors enhanced
cellular migration into unoccupied space in the culture well
with a significantly greater number of cells migrated in
VEGF and FGF-2 than in standard media alone (Figs. 3 and 4).

At 14 days total culture time, there still appeared to be
more cellular penetration of the BSMC into the SIS in the

VEGF- and FGF-2–treated groups compared to the regular
media group in static culture (Fig. 5A–C). When constructs
were cyclically stretched, there appeared to be fewer cells
within the construct. However, upon further histological
examination the cells were spread throughout the construct
in the stretched groups (Fig. 5E–H) as opposed to the static
groups where the cells remained in the central portion of the
SIS where seeding occurred (Fig. 5B, C). Further, DNA
quantification revealed that an equivalent number of cells
were present in the constructs following stretch as in the
statically cultured constructs (Fig. 1). In the FGF-2–treated
group under 0.5 Hz stretch, groupings of BSMC were seen to
congregate in clusters that resembled rudimentary smooth
muscle fascicles (Fig. 5H). This observation has been shown
previously with the treatment of TGF-b1 in bladders of
rabbits27 as well as in our laboratory’s previous work with
the addition of TGF-b1 to BSMC seeded on collagen gels.28

Although there appear to be differences in the thickness of
the samples in the histology, there were no measured dif-
ferences in thickness of any of the samples with an average
thickness of 120 mm. What appears to be thickness variability
in the histological sectioning was due to artifact of the SIS
shearing when sectioned.

Dynamic culture at 0.1 Hz promotes elastogenesis

In static culture, there was no significant change in colla-
gen content between treatment groups. Under dynamic
culture, collagen content in the tissue was significantly
higher in the 0.5-Hz stretch group in both the VEGF- and the
FGF-2–treated groups compared to all other groups (Fig. 6).
In contrast, the elastin content of the tissue was significantly
higher in the 0.1-Hz stretch group in both the VEGF- and the
FGF-2–treated groups compared to all other groups (Fig. 7).
This elastin production was further confirmed with Verhoeff-
Van Gieson staining (Fig. 8) where black staining of elastin
was apparent throughout the VEGF- and FGF-2–treated tis-
sues that were cyclically stretched at 0.1 Hz. Very small
amounts of elastin were visible in the unseeded SIS (Fig. 8).
Further, with elastic trichrome staining elastin fibrils were
only visible in the 0.1-Hz stretch groups.

MMP activity and collagen in the media

Summed totals of soluble collagen within the media
showed that there was a significantly higher amount of
collagen in the media in the 0.1-Hz group that was treated
with VEGF for the first 7 days of culture (Fig. 9). Summed
totals of MMP activity at 14 days showed that static culture
with the addition of FGF-2 for 7 days followed by regular
culture media for 7 days had significantly higher amounts of
active MMPs released into the media than all other groups
(Fig. 9). Additionally, MMP activity was significantly lower
at 14 days summed in the VEGFþ 0.5 Hz group than all
other groups except for the FGF-2þ 0.5 Hz stretch group
(Fig. 9).

Discussion

Exogenous growth factors VEGF and FGF-2

In the present study, the central hypothesis was that
BSMC-seeded SIS exposed to mechanical stimulation will

FIG. 4. Normalized cell nuclei counts on the unseeded side of
transwell inserts at 2, 4, and 7 days. n¼ 3 transwells per group
with five images from each transwell analyzed. *p< 0.01
compared to regular media controls.
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produce modulation of ECM components collagen and
elastin, dependent on the frequency of stretch. To examine
this hypothesis, it was necessary to utilize exogenous growth
factors, VEGF and FGF-2, to promote cellular penetration
into the SIS prior to mechanical simulation. Adding the ex-
ogenous growth factors VEGF and FGF-2 to culture im-
proved migration of BSMC into SIS constructs. The
migratory effect of the growth factors on the BSMC was
confirmed using a transwell chamber assay. The relative
quantities of VEGF and FGF-2 added to the media were
chosen based on the previous results in the literature wherein
VEGF and FGF-2 were added to culture vascular smooth
muscle cells to evoke a response.29 These concentrations
were also used in the ratio that they are released from the
urothelium.12 The response of the BSMC to the growth factor
groups is similar to that found previously in coculture of
bladder urothelium with BSMC on SIS.3 This finding further
confirms a report that states that VEGF and FGF-2 are two
key growth factors released by the urothelium.12 Further,
VEGF is a known promoter of mitogenesis and has been
shown to increase proliferation in many cell types previ-

ously, whereas FGF-2 has been shown to up-regulate colla-
gen type III production in BSMC.30 FGF-2 has previously
been shown to decrease elastin mRNA expression in aortic
smooth muscle cells.31 No differences were seen in the
present study between groups treated with FGF-2 or VEGF
in terms of elastogenesis.

Mechanical stimulation and ECM remodeling

The most interesting finding stemming from the central
hypothesis of this study was that the capability of the BSMC
to produce elastin fibers was captured with cyclic mechanical
stretching once the BSMC were integrated into the SIS con-
structs. Interestingly, large amounts of elastin were produced
under cyclic at 0.1 Hz with 15% stretch and not under 0.5 Hz
15% stretch as seen in the intact bladder strips in our pre-
vious study.32 These large levels of what appears to be fi-
brous elastin, produced by BSMC, have not previously been
shown in tissue-engineered constructs in vitro.

Collagen remodeling in the constructs was dependent on
the mechanical stretch frequency and the growth factors

FIG. 5. Elastic trichrome staining of (A). No growth factor (NG) 14 day static (B). VEGF 7 day NG 7 day static (C). FGF-2 7
day NG 7 day static (D). Unseeded SIS (E). VEGF 7 day Stretch 7 day 0.1 Hz (F). FGF-2 7 day Stretch 7 day 0.1 Hz (G). VEGF 7
day 0.5 Hz 7 day (H). FGF-2 7 day 0.5 Hz 7 day. Images are reduced from 200�. Scale bar represents 100 mm. Color images
available online at www.liebertonline.com=ten.
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used to promote cell penetration. In static culture with no
growth factors, increases in MMP-2 and -9 were not ob-
served. This finding is in contrast to the increased MMP-1
activity found when adult muscle-derived stem cells are
seeded on SIS.23 This finding gives some insight into the
kinetics of the MMPs acting on SIS. It is known that MMP-1
is a main collagenase that breaks down collagen type I fibrils.
It is possible that MMP-1 in the present study was increased
early on in culture, whereas MMP-2 and -9 (the gelatinases)
had impact on breaking down the collagen further. The ad-
dition of FGF-2 to the statically cultured constructs promoted
increased bulk MMP activity, which may point to a release of
MMPs as the mechanism used by the BSMC to grow into the
tissue. Additionally collagen measured in the media during
both the first 7 days and the last 7 days in culture varied
dependent on what growth factors were used. Constructs
treated with VEGF followed by mechanical stimulation at
0.1 Hz had significantly higher amounts of collagen within

the media, yet there were no differences in the FGF-2–treated
group at the same frequency. The lower MMP activity in the
summed total of 14 days culture in the VEGFþ 0.5 Hz stretch
group corresponds to the VEGFþ 0.5 Hz stretch group
having a significantly greater amount of soluble collagen
within the tissue. These differences demonstrate that the
growth factors FGF-2 and VEGF impacted the cells during
the first 7 days in culture and had persisting effects on the
cells once the growth factors were removed from the system.

The stretch frequencies of the SIS were chosen to be non-
physiologic and to be within a range found to promote
mRNA expression of various ECM genes.21 Additionally, the
0.5-Hz frequency has been shown by our laboratory to pro-
duce significant quantities of elastin in ex vivo organ cul-
ture.32 In the present study, the elastin production was found
to be frequency dependent, only being produced in the
0.1-Hz condition. This difference is likely due to the environ-
ment of the cells either being in an intact tissue or an actively

FIG. 6. Elastin protein concentration per gram wet weight
of BSMC-seeded SIS. Data are presented as mean� SEM
with n¼ 6 per group. * indicates statistical significance with
p< 0.01 compared to all other groups. BSMC, bladder
smooth muscle cell.

FIG. 7. Soluble collagen concentration per gram wet weight
of BSMC-seeded SIS. Data are presented as mean� SEM
with n¼ 6 per group. * indicates statistical significance with
p< 0.05 compared to all other groups.

FIG. 8. Verhoeff-Van Gieson staining of elastin fibrils (black) within: (A) SIS, (B) seeded SIS treated with VEGF for 7 days
stretched at 0.1 Hz for 7 days, and (C) seeded SIS treated with FGF-2 for 7 days and then stretched at 0.1 Hz for 7 days. Black
arrows indicate presence of elastin. Images are representative from n¼ 4 per group and are reduced from 400�. Scale bar
represents 50mm.
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remodeling piece of ECM scaffold. SIS has been shown to
remodel in a site-specific manner when used in vivo.33 Pre-
vious studies have speculated that mechanical stimulation of
SIS may contribute to this site-specific tissue remodeling.18

Further, it is possible that frequency and stretch ratios both
play a role in the BSMC production of elastin and collagen.

A previous study wherein BSMC were seeded on collagen
and laminin-coated Flexcell� (Flexcell Int., Hillsborough,
NC) plates examined varying stretch frequencies.21 The
study by Adam et al. showed that expression of collagen
types I and III is dependent on the frequency of stretch.21

However, in this study the authors only examined one
stretch level of 20% in the maximal direction. Isenberg and
Tranquillo showed that vascular smooth muscle cells pro-
duce small quantities of elastin when cycled at 0.5 Hz at 5%
stretch within collagen gels.34 Pulsitile flow in combination
with endothelial cell seeding has also been found to promote
elastin gene expression and positive staining in aortic smooth
muscle cells.35 A study by Pattison et al. showed that BSMC
are capable of producing elastin measured by the Fastin
elastin assay when seeded on nanostructured poly(ether
urethane) however, elastin fibers have not been produced
in vitro until the present study. It is clear from these previous
studies and the study presented here that the ECM produc-
tion of the smooth muscle cell may depend on several factors
of mechanical stimulation including the time of stretch,
stretch rate, and extent of stretch.

Study limitations

It is common in utilizing exogenous growth factors to
perform experiments in serum-free or low-serum media to
clarify the biological impact of growth factors themselves.
However, in the present study, the growth factors were
utilized as an aid to promote enhanced penetration of the
BSMC. Proliferation and enhanced cell survival were war-
ranted to engineer a cellular construct for future use in
bladder wall repair. Therefore, the addition of serum during
growth was necessary to maintain high cell numbers in the
construct, especially during the cyclic mechanical strain. The

specific mechanisms by which the BSMC are coaxed to
penetrate will be the focus of future studies. While it would
be scientifically interesting to combine growth factors and
mechanical stimulation, the amount of growth factor neces-
sary to add to the bioreactors would significantly increase
the cost of the experiment. In the present study, the primary
use for the growth factors was to promote ingrowth of the
BSMC into the SIS. Growth factors were not added to the
media during the last 7 days of culture so that the effects of
mechanical stimulation alone could be examined. An addi-
tional limitation to this study as well as many similar studies
utilizing an ECM scaffold in vitro was the difficulty in his-
tological sectioning. Reasonable images were obtained by
coating the fixed SIS strips in a solution of 4% agar prior to
paraffin embedding and sectioning. This coating aided in the
sectioning of the SIS with limited shredding of the thin col-
lagenous material; however, some shredding was noted in
areas of cellular penetration.

Summary

Cultured BSMC integrated within SIS ECM matrices,
when subjected to cyclic mechanical stretch, produced pro-
found changes in collagen and elastin deposition, which was
also dependent on the frequency of stretch. Moreover, it was
demonstrated for the first time that BSMC are capable of
producing elastin fibers in vitro. The BSMC within SIS matrix
produced elastin fibers at 0.1 Hz cyclic stretch following a
week of static culture with exogenous growth factors VEGF
or FGF-2 to enhance cellular ingrowth. Collagen remodeling
of the ECM constructs was dependent on both growth factor
pretreatment and stretch history. These findings may lead to
more functional tissue-engineered bladder wall replacements
through de novo elastin deposition and collagen remodeling
controlled by modulating in vitro culture conditions prior to
implantation.
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