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Abstract
The collagen fiber alignment and biomechanical behavior of naturally occurring extracellular matrix
(ECM) scaffolds are important considerations for the design of medical devices from these materials.
Both should be considered in order to produce a device to meet tissue specific mechanical
requirements (e.g., tendon vs. urinary bladder), and could ultimately affect the remodeling response
in vivo. The present study evaluated the collagen fiber alignment and biaxial mechanical behavior
of ECM scaffold material harvested from porcine urinary bladder tunica mucosa and basement
membrane (together referred to as urinary bladder matrix (UBM)) and ECM harvested from urinary
bladder submucosa (UBS). Since the preparation of UBM allows for control of the direction of
delamination, the effect of the delamination method on the mechanical behavior of UBM was
determined by delaminating the submucosa and other abluminal layers by scraping along the
longitudinal axis of the bladder (apex to neck) (UBML) or along the circumferential direction
(UBMC). The processing of UBS does not allow for similar directional control. UBML and UBS
had similar collagen fiber distributions, with a preferred collagen fiber alignment along the
longitudinal direction. UBMC showed a more homogenous collagen fiber orientation. All samples
showed a stiffer mechanical behavior in the longitudinal direction. Despite similar collagen fiber
distributions, UBML and UBS showed quite different mechanical behavior for the applied loading
patterns with UBS showing a much more pronounced toe region. The mechanical behavior for UBMC
in both directions was similar to the mechanical behavior of UBML. There are distinct differences
in the mechanical behavior of different layers of ECM from the porcine urinary bladder, and the
processing methods can substantially alter the mechanical behavior observed.

Introduction
The relationship between the biomechanical behavior of naturally occurring extracellular
matrix (ECM) scaffolds and the remodeling of these scaffolds in vivo is not fully understood.
The ability of a scaffold at the time of implantation to accommodate at least passive physiologic
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loading is essential for a clinically acceptable outcome. Ideally, a scaffold would closely mimic
the mechanical behavior of the tissue that it is intended to replace [1]. The mechanical
properties of an ECM scaffold are largely a function of the collagen fiber alignment and
kinematics of the material, which in turn regulate the behavior of cells that migrate to the site
of ECM remodeling. Thus, the three dimensional organization of new host tissue is influenced
by the collagen fiber architecture of the original scaffold. An understanding of the collagen
fiber alignment and biaxial mechanical behavior of ECM scaffold materials harvested from
different tissue sites should logically improve the ability to predict their suitability for various
tissue replacement applications. In addition, it is also necessary to understand how the
manufacturing steps used to produce an ECM scaffold affect the collagen fiber architecture
and mechanical behavior.

The most extensively studied ECM scaffold with regard to mechanical behavior is porcine
small intestinal submucosa (SIS-ECM). SIS-ECM has been shown to consist primarily of two
populations of collagen fibers with centroids that are shifted approximately 30° from the
longitudinal axis of the small intestine that together create a preferred fiber direction along the
longitudinal axis of the small intestine [2]. The fibers have been shown to have considerable
motility, showing global fiber rotation at low strains when stretched along the preferred fiber
direction, and continued individual rotation and stretch with increasing levels of strain [3,4].
This preferred fiber alignment corresponded to transverse anisotropic behavior under biaxial
mechanical loading [2].

ECM scaffold materials derived from the urinary bladder have become widely studied recently
for a number of applications, including repair of the urinary bladder, esophagus, and
myocardium [5–12]. The current study examines the collagen fiber alignment and biaxial
mechanical behavior of two ECM scaffolds derived from the porcine urinary bladder, namely
urinary bladder matrix (UBM) and urinary bladder submucosa (UBS). These scaffolds are
derived from adjacent layers of the same tissue and have both been used in pre-clinical
regenerative medicine applications. In addition, the effect of mechanical delamination of the
layers of the urinary bladder during processing, in particular the direction of applied force,
upon the collagen fiber alignment is described.

Methods
ECM device preparation

The preparation of UBM and UBS has been previously described [6,7,13]. Nine porcine urinary
bladders were harvested from market weight pigs (approximately 110–130 kg) immediately
after sacrifice. Residual external connective tissues, including adipose tissue, were trimmed
and all residual urine was removed by repeated washes with tap water. The urothelial layer
was removed by soaking of the material in 1 N saline.

Urinary Bladder Matrix (UBM)—For the urinary bladders used to prepare UBM (n=6), the
tunica serosa, tunica muscularis externa, tunica submucosa, and most of the muscularis mucosa
were mechanically delaminated from the bladder tissue. The remaining basement membrane
of the tunica epithelialis mucosa and the subjacent tunica propria were collectively termed
UBM. Attention was paid to the direction of delamination such that three sheets of UBM were
prepared by delaminating the tissue from the apex to the neck of the bladder (i.e.,
longitudinally) and three bladders were prepared by circumferential delamination.

Urinary Bladder Submucosa (UBS)—For the urinary bladders used to prepare UBS
(n=3), the tunica serosa and tunica muscularis externa were mechanically delaminated from
the bladder tissue by blunt scraping upon a flat surface. The process of separation of the layers
made it impossible to maintain a preferred direction of scraping. The remaining tissue was then
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turned over and the luminal layers consisting of the basement membrane of the tunica
epithelialis mucosa and the subjacent tunica propria were mechanically separated leaving only
the tunica submucosa and portions of the muscularis mucosa.

All specimens were decellularized and disinfected by immersion in 0.1% (v/v) peracetic acid
(PAA) (σ), 4% (v/v) ethanol, and 96% (v/v) deionized water for 2 h. The material was then
washed twice for 15 min with PBS (pH = 7.4) and twice for 15 min with deionized water [7,
14].

Collagen Fiber Alignment
The full sheets of UBM and UBS were optically cleared by immersion in graded solutions of
glycerol to 100%. The sheets were then mounted flat in a 20 cm × 25 cm glass well consisting
of panes of glass sealed with silicone caulk. The glass well was then filled with 100% glycerol
for assessment of the collagen fiber architecture by small angle light scattering (SALS) [15].
Briefly, the SALS system consisted of a 4 MW HeNe (632.8 nm) continuous unpolarized wave
laser. As the laser passed through the tissue, it was scattered onto a white plastic screen. The
resulting scattering pattern was recorded with a CCD camera system and was analyzed using
custom software. The scattering pattern, I(θ), represented the angular distribution of collagen
fibers within the light beam envelope [15]. The specimen was mounted on an X-Y stage that
allowed the entire specimen to be analyzed by successive passes across the tissue. Due to the
size of samples, a beam diameter of 750 µm was used with a step size of 1.5 mm between
measurements.

From each scattering pattern, the preferred fiber orientation and an orientation index (OI) were
calculated. The OI has been defined as an angle about the preferred fiber direction that
contained 50% of all fibers [15]. In the present study, a normalized orientation index (NOI)
was defined as NOI = (90° - OI)/90° × 100% [3]. An NOI of 100% indicated that the collagen
fibers in the tissue were perfectly aligned, and an NOI of 0% indicated random fiber alignment.

Biaxial Mechanical Testing
A detailed description of the biaxial testing device has been presented previously [16,17]. The
specimens were mounted on the device with 8 equal length loops of 000 nylon suture attached
to stainless steel surgical staples (2 loops per side). All tests were performed with hydrated
(never lyophilized) specimens immersed in PBS at room temperature. The test protocol
consisted of load controlled biaxial testing with the specimen stretched to a maximum load (P)
of 100g, with load ratios of PL:PC = 1.0:1.0, 1.0:0.1, 1.0:0.5, 1.0:0.75: 1.0:1.0, 0.75:1.0, 0.5:1.0,
0.1:1.0. 1.0:1.0. The initial and final equibiaxial tests were conducted to verify that the tissue
was not damaged by testing. The strain was monitored during the test using a CCD camera to
visualize 4 graphite markers fixed to the specimen in a 5 mm × 5 mm square. Each loading
protocol was applied 10 times to precondition the specimen and the 10th cycle was used for
analysis.

From the marker positions, the deformation gradient tensor F was calculated at each data point
[3,18]. The components of the in-plane Green strain tensor E were calculated using E = ½
(FTF − 1). The shear components of F were negligible in all test specimens, so the in-plane
components of E were determined using EC = ½ (λC

2 − 1) and EL = ½ (λL
2 − 1). The first

Piola-Kirchhoff stress tensor P was calculated from the measured loads and the initial specimen
dimensions. The second Piola-Kirchhoff stress tensor S was determined using S = PF−T.
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Biaxial Mechanical Response
The pseudo-elastic response of UBM and UBS was determined in a protocol dependent manner
using a previous by described methodology [19,20]. Briefly, the S–E data for each specimen
axes were individually fit to the following response functions:

where:

and cij are fitted parameters and Eii were the components of Green strain tensor. These response
functions were independently fit to all stress–strain data using the nonlinear regression in
MathCAD software. The resulting response surfaces were used as a qualitative guide in the
choice of W by plotting contours of constant stress for SC and SL. For a perfectly isotropic
material, such contours would display symmetry about the y = x-axis, while asymmetry would
indicate the presence of anisotropy.

Statistical Analyses
Comparative statistics were used for comparisons of the distributions of centroids by creating
histograms of the number of scan regions with a centroid within a prescribed range of θ. A
student T-test was used to compare the NOI within the prescribed range of θ. A two-way
ANOVA (scaffold and direction) with Tukey’s post-hoc analysis was performed to determine
statistical differences between the modulus and the stretch in the toe region (stretch to reach
100 kPa).

Results
Analysis of the collagen fiber alignment showed that in general, UBM and UBS both had a
preferred fiber direction along the longitudinal direction of the bladder (i.e., oriented from the
apex to the neck). However, the degree of this preference varied primarily based upon the
method of production. For UBM scraped longitudinally (UBML) and UBS, there was a
pronounced preferred fiber alignment towards the longitudinal direction (Fig. 1, Fig. 2A, Fig
3A). The percentage of collagen fiber alignment measurements within 20° of the longitudinal
axis of the bladder was 76.9% for UBM scraped longitudinally and 68.2% for UBS. For UBM
scraped circumferentially (UBMC), the fiber alignment was much more homogenous, with
only a slight preference towards an angle approximately 15° from the longitudinal direction
(24.1% of observations between −30° and 0°) (Fig. 1and Fig. 4A). The average NOI for the
tissues ranged from 46% to 54% depending on the θ-range of interest. The NOI for UBMC
was statistically less than that for UBML and UBS within the θ range of −20° to 20° (p < 0.05).

Biaxial mechanical testing of the UBML, UBMC, and UBS showed mechanical behavior that
was consistent with the collagen fiber alignment results. Equibiaxial testing of UBM and UBS
showed transverse anisotropy, with a significantly stiffer modulus along the longitudinal axis
of the tissue and the toe region was significantly longer in the circumferential direction (p <
0.05) (Table 1) (Fig. 2B, 3B, and 4B). Generally, the UBML showed the greatest degree of
transverse anisotropy with a modulus that was five times greater in the longitudinal direction
than in the circumferential direction, compared with an approximately two fold difference for
UBS and UBMC. The modulus in the longitudinal direction was not significantly different
between UBML and UBMC, but the modulus in the longitudinal direction for UBS was
significantly less than UBML and UBMC (p < 0.05). In the circumferential direction, UBMC
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had the greatest modulus (p < 0.05). The toe region was significantly longer in the longitudinal
direction for UBS as compared to UBML and UBMC (p < 0.05), and there was no difference
between UBML and UBMC. UBMC had the shortest toe region of all groups in the
circumferential direction (p < 0.05). The lower stresses in UBS were due to a greater thickness
for UBS (130 ± 23 µm) compared to UBM (85 ± 5 µm).

The nonequibiaxial mechanical testing data showed mechanical coupling between the two
transverse loading directions for UBML (Fig. 2C), UBS (Fig. 3C), and to a lesser extent UBMC
(Fig. 4C). For UBML and UBS, mechanical coupling was observed with relatively uniform
changes in the mechanical behavior in direction of maximum load for a change in the loading
in the transverse direction. For UBMC, asymmetric mechanical coupling was observed since
there were changes in the mechanical behavior in the longitudinal direction associated with
changes in the loading in the circumferential direction, but no changes were observed in the
mechanical behavior in the circumferential direction for changes in the loading in the
longitudinal direction. Passive tissue shortening was observed for the longitudinal direction
and the circumferential direction for load ratios of 0.1:1.0 and 1.0:0.1, respectively. The passive
tissue shortening led to greater increases in stress value for the longitudinal direction than was
observed for the circumferential direction.\

From the response functions for each specimen, two-dimensional contour plots were generated
over the realized experimental strain plane to allow direct examination of material symmetries.
This allowed evaluation of material class and degree of anisotropy directly from the
experimental data. The existence and direction of marked anisotropy were apparent in the
UBML and UBS tissue, with a distinct bias toward the longitudinal direction (apex-neck). In
contrast, the UBMC response was less anisotropic, with only a slight bias toward the
longitudinal direction, which corresponded to the collagen fiber alignment. (Fig. 2–4 D and
E).

Discussion
The present study showed that differences existed in the collagen fiber alignment and biaxial
biomechanical behavior of ECM scaffold materials derived from the porcine urinary bladder
depending upon the layer from which the scaffold was obtained and the processing to which
the scaffold was subjected. In general, the porcine urinary bladder was shown to have preferred
collagen fiber alignment and a greater modulus in the longitudinal axis of the tissue. This
collagen fiber alignment was consistent with previous findings in the rat bladder that showed
longitudinal alignment of the smooth muscle and an increased stiffness of the full thickness
bladder in the longitudinal direction [21,22].

UBML and UBS showed very similar collagen fiber distributions, but the biomechanical
behavior was quite different with a longer toe region and lower modulus observed for UBS
over the range of loads applied. This result was in contrast to a previous study in which
multilaminate devices of UBM and UBS were subjected to ball burst testing [13]. In that case,
the UBS multilaminate scaffold was significantly stronger than the UBM multilaminate
scaffolds. The preparation of a multilaminate scaffold also changed the mechanical properties
of the scaffold by altering the fibrous structure of each individual layer [13]. The differences
observed in the present study may have been a result of aggressive scraping that was done to
remove the tunica submucosa, tunica muscularis externa, and tunica serosa from the UBM that
may have reoriented and reduced the crimping of collagen within the tissue. At greater loads,
it is possible that UBS would still reach a greater modulus and ultimate strength than UBM.

The comparisons between UBML and UBMC showed that the methods of preparation have
an effect upon the resulting collagen fiber alignment and biomechanical behavior of the tissue.
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UBML and UBMC showed very different collagen fiber distributions, UBML showing high
longitudinal alignment and UBMC showing a more homogeneous collagen fiber distribution.
However, the longitudinal biomechanical properties for UBML and UBMC were very similar
for the loading conditions applied, and the circumferential biomechanical behavior for UBMC
approached the longitudinal biomechanical behavior. The process of scraping the tissue
circumferentially rotated a substantial population of collagen fibers from the longitudinal
direction towards the circumferential direction, and the results clearly showed that those fibers
retained the new orientation. Moreover, the fact that the longitudinal biomechanical behavior
did not substantially change suggested that there was a population of collagen “struts” that
were relatively fixed in the longitudinal direction and served to limit the longitudinal elongation
of the bladder.

The biomechanical behavior and/or collagen fiber alignment were evaluated for a number of
other ECM scaffolds in previous studies. The results for the present study compared well with
the results of similar analyses performed with SIS-ECM [2]. SIS-ECM also possessed a
preferred collagen fiber alignment along the longitudinal axis of the tissue, and was composed
of two populations of collagen fibers that were each offset by approximately 30° from the
longitudinal axis. No evidence of a bimodal collagen distribution was observed for ECM
derived from UBM in the present study, but this may have been due to the relatively large beam
diameter used in this study. Previous studies with SIS-ECM have also shown a substantial
degree of collagen fiber motility in response to uniaxial loading and strip biaxial loading,
especially in the hydrated state [3,4]. SIS-ECM is typically delaminated by applying pressure
along the longitudinal axis of the intestine, so processing may have contributed to the relatively
uniform collagen fiber alignment. This explanation would support the concept that
circumferential scraping of the UBM led to large fiber rotations.

In contrast to SIS-ECM and the urinary bladder ECM studied in the present study, it was
recently found that cholecyst-derived ECM (CEM) possessed a preferred collagen fiber
orientation offset by approximately 65° from the longitudinal axis (i.e., from the neck to the
fundus) [23]. Using the preferred fiber direction as the principal direction for mechanical testing
[23], the biomechanical behavior for CEM was similar to UBMC in terms of the stress-strain
relationship and the weakly anisotropic behavior. There was no specific mention of whether
the direction of delamination was controlled in the preparation of CEM.

The results of the present study have direct implications for the fabrication of medical devices
from ECM scaffolds. It has been reported that the mechanical behavior of SIS-ECM is
dependent upon the segment of the small intestine from which the SIS is harvested [24]. It is
possible that these differences may be a function not only of biologic variability of the tissue,
but also process variability. It is therefore important to monitor the direction and magnitude of
pressure that was applied to the tissue. These findings could also factor into the design of an
ECM device. A recent study compared the mechanical behavior of several commercially
available ECM derived devices indicated for rotator cuff repair to determine how they
compared to the mechanical behavior of the infraspinatus tendon [1]. In all cases, the
mechanical behavior of the scaffold was inferior to that of the tendon, with a lower stiffness
and strength. One of the devices evaluated was Restore (DePuy Orthopaedics, Warsaw, IN),
a device composed of 10 layers of SIS-ECM that is configured such that 2 layers of ECM are
aligned every 72° to give the device an isotropic mechanical behavior. Based on the present
results, it is possible that an ECM scaffold could be processed in such a way that it may more
closely mimic the biomechanical properties of the tissue the scaffold is intended to replace.
Using UBM as an example, for designing a device for tendon repair, the material could be
scraped longitudinally and then laminated such that the longitudinal axis of the bladder is
aligned for all of the layers, providing a transversely anisotropic material similar to a tendon.
By prestretching the scaffold prior to lamination, the degree of transverse anisotropy could be
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increased [3]. Conversely, for repair of body wall, the UBM could be scraped circumferentially
and laminated with random orientation of the sheets to provide an isotropic mechanical
behavior. Additional study is necessary to verify these predictions.

It should be noted that the results from the present study are only applicable to the scaffolds
prior to implantation. In the absence of chemical crosslinking, an ECM scaffold begins to be
degraded immediately by the host, altering their mechanical properties during the process of
remodeling. Previous studies have shown that ECM scaffolds are completely degraded within
60–90 days [25,26], and the degradation products are small bioactive peptides that have
chemotactic, bacteriostatic, and mitotic properties [27–30]. The chemotactic peptides may be
responsible for the recruitment of bone marrow derived progenitor cells that participate in the
remodeling by differentiating into site specific cells in response to mechanical and biochemical
cues [31–33]. Since the mechanical environment is defined by the collagen fiber architecture
and kinematics, the changes in these properties of the scaffold are an important topic of future
study.

A limitation of the present study is that the specimens were only subjected to subfailure biaxial
testing. Uniaxial testing to failure may have provided additional information about whether
the increased collagen fiber alignment would result in changes in tensile properties of the tissue.
Comparison of these results to previous work is confounded by the lack of control for
orientation of the test articles relative to the anatomic orientation of the urinary bladder [34–
36]. The biaxial testing used in the present study was selected to provide a broad understanding
of the material behavior within physiologically relevant ranges of load and strain. In addition,
the data collected in this study will be useful in the development of structural constitutive
models of the ECM of the urinary bladder [37], which could be useful for predicting the
remodeling response of a scaffold in vivo or optimal mechanical loading regimens in vitro
[38–40].

Conclusions
ECM derived from different layers of the porcine urinary bladder, namely the tunica submucosa
(UBS) and the tunica mucosa and basement membrane (UBM) show differences in their biaxial
mechanical behavior. Both ECM materials possess a preferred fiber alignment along the
longitudinal axis of the bladder, but the distribution of the collagen alignment is substantially
altered during processing, making the material less transversely anisotropic. The results of this
study may have implications for the production of medical devices for repair of tissues with
highly specific mechanical requirements.
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Figure 1.
A histogram of all measurements for each source of tissue shows a global preferred fiber
orientation for UBML and UBS and a relatively homogenous distribution of collagen fibers
for UBMC.
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Figure 2.
(A) Representative collagen fiber orientation plots for urinary bladder matrix scraped
longitudinally (UBML). The vectors indicate the local preferred fiber orientation and the color
represents the normalized orientation index, a measure of the degree of alignment. (B) Average
stress-strain relationship (mean ± standard error) for the longitudinal and circumferential axes
of UBML for equibiaxial loading. (C) Representative stress-strain curves for three biaxial strain
protocols for UBML. Representative stress contour plot for UBML in the (D) longitudinal
direction and the (E) circumferential direction.
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Figure 3.
(A) Representative collagen fiber orientation plots for urinary bladder submucosa (UBS). The
vectors indicate the local preferred fiber orientation and the color represents the normalized
orientation index, a measure of the degree of alignment. (B) Average stress-strain relationship
(mean ± standard error) for the longitudinal and circumferential axes of UBS for equibiaxial
loading. (C) Representative stress-strain curves for three biaxial strain protocols for UBS.
Representative stress contour plot for UBS in the (D) longitudinal direction and the (E)
circumferential direction.
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Figure 4.
(A) Representative collagen fiber orientation plots for urinary bladder matrix scraped
circumferentially (UBMC). The vectors indicate the local preferred fiber orientation and the
color represents the normalized orientation index, a measure of the degree of alignment. (B)
Average stress-strain relationship (mean ± standard error) for the longitudinal and
circumferential axes of UBMC for equibiaxial loading. (C) Representative stress-strain curves
for three biaxial strain protocols for UBMC. Representative stress contour plot for UBMC in
the (D) longitudinal direction and the (E) circumferential direction.

Gilbert et al. Page 13

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Gilbert et al. Page 14

Table 1
Modulus and stretch in toe region for equibiaxial mechanical testing of UBML, UBMC, and UBS.

Modulus (MPa) Stretch in Toe Region

Longitudinal Circumferential Longitudinal Circumferential
Direction Direction Direction Direction

UBML 25.9 ± 10.6* 4.7 ± 2.0 1.04 ± 0.02§ 1.18 ± 0.04
UBMC 17.6 ± 4.8* 6.9 ± 1.1 1.03 ± 0.01§ 1.09 ± 0.02†
UBS 10.4 ± 3.2*† 9.6 ± 2.0† 1.13 ± 0.05§† 1.24 ± 0.06

*
Statistically greater than circumferential direction;

§
Statistically less than circumferential direction;

†
Statistically different from other scaffolds in the same direction of measurement (p < 0.05).
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