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Abstract
Biologic scaffolds composed of extracellular matrix (ECM) have been used to facilitate the repair and reconstruction of a variety of tissues in
clinical and pre-clinical studies. The clinical utility of such scaffolds can be limited by the geometric and mechanical properties of the tissue or
organ from which the ECM is harvested. An injectable gel form of ECM could potentially conform to any three-dimensional shape and could be
delivered to sites of interest by minimally invasive techniques. The objectives of the present study were to prepare a gel form of ECM harvested
from the urinary bladder (urinary bladder matrix or UBM), to characterize the rheological properties of the gel, and finally to evaluate the ability
of the gel to support in vitro growth of smooth muscle cells. Following enzymatic solubilization with pepsin, UBM was induced to self-assemble
into a gel when brought to physiological conditions. The UBM gel supported the adhesion and growth of rat aortic smooth muscle cells when
cultured under static in vitro conditions. The present study showed that an intact form of UBM can be successfully solubilized without
purification steps and induced to repolymerize into a gel form of the UBM biologic scaffold material.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Biologic scaffolds composed of extracellular matrix (ECM)
have been used for the repair of a variety of tissues including
the lower urinary tract [1,2], esophagus [3,4], myocardium
[5e7], and musculotendinous [8e10] tissues, often leading to
tissue-specific constructive remodeling with minimal or no
scar tissue formation. These biologic scaffolds are typically
prepared by decellularization of intact tissues or organs. The
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resulting ECM scaffold materials are composed of the struc-
tural and functional molecules that characterize the native
tissue ECM such as collagen, laminin, fibronectin, growth fac-
tors, glycosaminoglycans, glycoproteins, and proteoglycans
[11e13]. However, the resulting decellularized ECM is usually
characterized by a two-dimensional sheet with limited ability
to conform to irregular three-dimensional shapes and sizes.
Therefore, the clinical utility of an ECM biologic scaffold for
many clinical applications is typically restricted to topical ad-
ministration or to invasive surgical procedures that can accom-
modate variations of the two-dimensional sheet forms.

An ECM scaffold derived from the porcine urinary bladder,
referred to as urinary bladder matrix (UBM), has been previ-
ously investigated in pre-clinical studies as a biologic scaffold
for the reconstruction of damaged laryngeal tissue [14], for the
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reconstruction of esophageal tissue [4,15], as a treatment for
urinary incontinence [2], and as a myocardial patch [6,7,16]
with promising results. Suspensions made from a particulate
(powdered) form of lyophilized UBM have been successfully
used as an injectable scaffold for the treatment of urinary
incontinence in pre-clinical studies [2] but the needle size
required to accommodate the particle size was prohibitive
for most clinical applications, and substances such as glycerin
were required to increase the viscosity of the solution.

A soluble form that can be induced to polymerize into a gel
form could expand the clinical utility of ECM biologic
scaffolds. ECM gels with appropriate viscosities could be
delivered via minimally invasive surgical techniques with the
ability to conform to three-dimensional spaces after injection.
Ideally this soluble form would retain the bioactivity of the
ECM scaffold and its preparation would minimize or avoid
purification steps that could remove growth factors and low
molecular weight peptides present in the native ECM. Previous
studies have described a gel form of an ECM derived from the
small intestine but the preparation required an aggressive puri-
fication process that may have resulted in the loss of bioactive
molecules, and the rheological properties of the gel were not
determined [17]. Gels have been formed from individual com-
ponents of the ECM such as collagen and from the secreted
products of cell lines (Matrigel�). Matrigel� is not used ther-
apeutically due to its source (tumor cell line), and individual
ECM components lack the bioactivity found in minimally pro-
cessed ECM scaffolds in which structural and functional mol-
ecules are present in physiologically relevant amounts.

The long-term objective of this work is to develop a gel form
of the UBM scaffold that retains the bioactivity and ability to
promote constructive tissue remodeling; properties that are
characteristic of the 2-D sheet form of UBM. The present study
is the first step towards this goal and describes a method to sol-
ubilize UBM without purification steps and a method to repo-
lymerize the soluble UBMeECM under physiological
conditions. The present study characterizes the gelation kinet-
ics, the rheological properties, and the static in vitro cytocom-
patibility of the UBM gel.

2. Materials and method
2.1. ECM preparation
The preparation of UBM has been previously described [20,21]. In brief,

porcine urinary bladders were harvested from 6-month-old 108e118 kg pigs

(Thoma Meat Market) immediately following euthanasia. The excess

connective tissue and residual urine were removed. The tunica serosa, tunica

muscularis externa, the tunica submucosa, and majority of the tunica muscularis

mucosa were mechanically removed. The urothelial cells of the tunica mucosa

were dissociated from the luminal surface by soaking the tissue in 1.0 N saline

solution. The resulting biomaterial, which was composed of the basement mem-

brane of the urothelial cells plus the subjacent lamina propria, was referred to as

urinary bladder matrix (UBM). UBM sheets were placed in a solution contain-

ing 0.1% (v/v) peracetic acid (Sigma), 4% (v/v) ethanol (Sigma), and 95.9%

(v/v) sterile water for 2 h. Peracetic acid residue was then removed with two

15-min phosphate-buffered saline (pH¼ 7.4) washes, followed by two washes

with sterile water for 15 min each. The decellularized UBM sheets were then

lyophilized using an FTS Systems Bulk Freeze Dryer Model 8-54 and commi-

nuted to a particulate form using a Wiley Mini Mill (Fig. 1A).
2.2. ECM digestion and solubilization
One gram of lyophilized UBM powder (Fig. 1A) and 100 mg of pepsin

(Sigma, w2000e2300 U/mg) were mixed in 100 ml of 0.01 M HCl and kept

at a constant stir for w48 h at room temperature (25 �C). The resultant viscous

solution of digested UBM or pre-gel solution had a pH of approximately 3.0e

4.0 (Fig. 1B). The activity of pepsin was irreversibly inactivated when the pH

was raised to 7.4 (see Section 2.4).
2.3. Gel characterization
UBM and rat-tail collagen type I (BD, Biosciences) solutions were electro-

phoresed on 7.5% polyacrylamide gels under reducing conditions (5% 2-mer-

captoethanol). The proteins were visualized with Gel-Code Blue (Bio-Rad),

and images recorded by a Kodak imaging station.

Collagen and sulfated glycosaminoglycan (S-GAG) content of the UBM

gel were determined using the hydroxyproline assay [18] and the Blyscan�
assay kit (Biocolor), respectively. The Blyscan� assay was performed accord-

ing to the manufacturer’s instructions. The hydroxyproline content was deter-

mined by hydrolyzing the samples with 2 M NaOH (100 ml total volume) in an

autoclave at 120 �C for 20 min. The samples were neutralized with 50 ml of

4 M HCl and reacted with 300 ml of 0.056 M chloramine-T (Spectrum), mixed

gently, and allowed to oxidize for 25 min at room temperature. The samples

were then mixed with 300 ml of 1 M Ehrlich’s aldehyde (Spectrum) and incu-

bated at 65 �C for 20 min. A standard curve was generated using rat-tail col-

lagen type I (BD, Biosciences) and used to calculate the total amount of

collagen present in the digested UBM solutions. The colorimetric change

was determined by the absorbance at 550 nm using a SpectraMax spectropho-

tometer (Molecular Devices). Three different batches of UBM were tested

(n¼ 3).
2.4. Gelation
UBM and rat-tail collagen type I gels were formed by mixing 0.1 N NaOH

(1/10 of the volume of pre-gel solution) and 10� PBS pH 7.4

(1/9 of the volume of pre-gel solution) at 4 �C. The solution was brought to

the desired volume/concentration using cold (4 �C) 1� PBS pH 7.4 and placed

at 37 �C for gelation to occur. Collagen and UBM gels are shown in Fig. 1C.

Turbidimetric gelation kinetics was determined spectrophotometrically as

previously described [19]. Final gel solutions were kept at 4 �C and transferred

to a cold 96-well plate by placing 100 ml/well in triplicate. The SpectraMax

spectrophotometer (Molecular Devices) was pre-heated to 37 �C, the plate

placed in the spectrophotometer, and the turbidity of each well was measured

at 405 nm every 2 min for 1.5 h. The absorbance values for each well were re-

corded and averaged. Three individual tests were performed on the same batch

of collagen type I (n¼ 3) and five (n¼ 5) individual tests were performed on

different batches of the UBM gel. Each individual test was conducted in trip-

licates and averaged. The time needed to reach 50% of the maximum turbidity

measurement (e.g. maximum absorbance value) was defined as t1/2 and the lag

phase (tlag) was calculated by extrapolating the linear portion of the curve (see

Fig. 5B). The speed (S ) of the gelation based on turbidimetric measurements

was determined by calculating the maximum slope of the growth portion of the

curve as shown in Fig. 5B.
2.5. Rheological measurements
The sample was subjected to an oscillatory strain of

gðtÞ ¼ g0cosð2pftÞ ð1Þ

where g0 was the amplitude of the sinusoidal strain, t was the time, and f was

the frequency. The sample developed a sinusoidal stress described as follows:

sðtÞ ¼ jG�jgðtÞ ð2Þ

where G* was the frequency dependent complex modulus of the sample. The

real part of G*, denoted G0, was in phase with the applied strain and was called

the storage modulus since it corresponded to storage of mechanical energy in



Fig. 1. (A) Lyophilized UBM powder; (B) pepsin digested UBM at a concentration of 10 mg/ml; (C) collagen type I and UBM gels.
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the elastic deformation of the sample. The imaginary portion of G*, denoted

G00, was 90� out of phase with the applied strain and was called the loss mod-

ulus since it corresponded to the loss of energy by viscous dissipation within

the sample. Since the sample was expected to develop solid-like characteristics

as gelation proceeds, G0 was expected to increase significantly.

A final property of interest was the magnitude of the complex viscosity

defined as follows:

jh�j ¼ jG
�j

2pf
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G02 þG002
p

2pf
ð3Þ

where jh�j was the frequency dependent complex viscosity, G* was the fre-

quency dependent complex modulus, and f was the frequency. It is common

to fit complex viscosity vs frequency data to a power-law of the form:

�
�h�
�
�¼ kf �n ð4Þ

where k and n are both constants.

Rheological experiments were performed with a TA Instruments AR2000

stress-controlled rheometer using a 40-mm diameter parallel plate geometry

and a Peltier cell to maintain the sample temperature. The samples were
prepared as discussed earlier and loaded into the rheometer with the Peltier

cell maintaining a temperature of 15 �C. The sample edge was protected

from evaporation by applying mineral oil. The temperature was then set to

37 �C to induce gelation; the Peltier cell typically reached a temperature of

30 �C within 10 s and 37 �C within 50 s. During this increase in temperature

and the subsequent gelation, the oscillatory moduli of the sample were moni-

tored continuously at a fixed frequency of 0.159 Hz (1 rad/s) and a strain of

5%. When there was no further change in the elastic modulus (G0) with

time, gelation was deemed to be complete. The final linear viscoelastic prop-

erties of the gel were measured by performing a frequency sweep between

15.9 Hz (100 rad/s) and 0.08 Hz (0.5 rad/s) at 37 �C and 5% strain and fitted

to Eq. (4). Three samples from different batches of digested UBM were tested

for each gel configuration (n¼ 3). The same batch of collagen type I was

tested.
2.6. Cell proliferation assays
Vascular smooth muscle cells (rSMCs) were harvested as previously de-

scribed from rat aortas [20] and expanded in DMEM with low bicarbonate

and supplemented with 10% fetal bovine serum (FBS) and 100 U/ml
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Penicillin/100 mg/ml Streptomycin. The 48-h proliferation of rSMCs was mea-

sured by seeding the surface of 6-mm disks of lyophilized UBM, collagen type

I, and UBM gels in triplicate. The collagen and UBM gels were prepared by

adding 100 ml of the gel (3 mg/ml) into wells of 96-well plates. rSMCs were

seeded onto the surface of the gels and the 6-mm lyophilized UBM disks at

a density of 2� 104 cells/well. A well with a 6-mm lyophilized UBM disk

and wells with each type of gel incubated with media without cells served

as controls. After 48 h in culture, non-adherent cells were aspirated and the ac-

tivity of the attached cells was quantified using the MTT assay (Sigma). Three

different batches of UBM were tested (n¼ 3).

Growth of rSMCs on UBM gels was also evaluated by histological

methods. Disks of UBM gel were made using a stainless steel ring (1.5 cm

in diameter) as a mold. rSMCs were seeded on the top surface of the gel at

a density of 0.5� 106 cells/cm2. Medium was changed every other day and

the cells were allowed to grow for 10 days. The samples were then fixed

with 10% buffered formalin and sections stained using Masson’s Trichrome

stain.
2.7. Scanning electron microscopy
Fig. 2. Protein gel of collagen type I and UBM.
The surface morphology of the UBM gels was examined using scanning

electron microscopy (SEM). The specimens were fixed in cold 2.5% glutaral-

dehyde and rinsed in PBS, followed by a dehydration process through a graded

series of ethanol (30e100%), and finally critically point dried in an Emscope

CPD 750 critical point dryer. The samples were attached to aluminum SEM

specimen mounting stubs (Electron Microscopy Sciences) and sputter coated

with a gold palladium alloy using a Sputter Coater 108 Auto (Cressington Sci-

entific Instruments). Finally, samples were examined using a scanning electron

microscope (JEOL 6330F). Images were taken at a 5000 and 10,000�
magnification.
2.8. Statistical analysis
A one-sided t-test was used to determine significant differences between

mean values of the gelation constants and the proliferation values ( p< 0.05).

The linear relationship between complex viscosity and frequency was deter-

mined using a least square fit method.
3. Results
3.1. UBM gel characterization
The collagen concentration for pepsin digested UBM
was 0.8� 0.2 mg/mg of dry lyophilized UBM powder
(mean� SD). The total S-GAG content was 7.6� 2.8 mg/mg
of dry lyophilized UBM powder (mean� SD). The electro-
phoresed solutions of UBM and purified collagen type I
showed bands at similar locations confirming a large collagen
type I component of UBM. UBM showed additional protein
bands that were distinct from the purified collagen type I as
shown in Fig. 2. Scanning electron microscopy showed
a fibrillar appearance of the UBM gels at concentrations of
3 mg/ml and 6 mg/ml (Fig. 3AeD).
3.2. In vitro cell adhesion and proliferation
Rat aortic smooth muscle cells were able to grow on UBM
gels under static culture conditions. After 10 days in culture,
rSMCs contracted the gels and formed a multilayer of cells
as shown in Fig. 4A. The percentage of cellular content
between the gels and the lyophilized UBM scaffold after
48 h of in vitro culture was greater in the UBM gels when
compared to purified collagen as shown in Fig. 4B.
3.3. Turbidimetric gelation kinetics
The turbidimetric gelation kinetics and the calculated
parameters are shown in Fig. 5 and the results presented in
Table 1. The turbidimetric gelation kinetics for UBM and
collagen type I gels showed a sigmoidal shape (Fig. 5A).
Collagen type I gels at a concentration of 3 mg/ml became
more turbid following gelation than UBM gels at a concentra-
tion of 3 mg/ml and 6 mg/ml (Fig. 5A). The lag phase (tlag)
and the time required to reach half the final turbidity (t1/2)
were greater in the UBM gels (at 3 mg/ml and 6 mg/ml)
than collagen type I gels (3 mg/ml). In addition, the speed
of the turbidimetric gelation kinetics (S ) was less for UBM
when compared to collagen type I. There was no change in
tlag, t1/2, and S between 3 mg/ml and 6 mg/ml UBM gels.
The maximum turbidity values changed with increasing
UBM concentration.
3.4. Rheological properties
Both the storage modulus (G0) and the loss modulus (G00)
changed over time and were characterized by a sigmoidal
shape after the temperature of the sample was raised from
15 �C to 37 �C as shown in Fig. 6. G0 and G00 reached steady
state after approximately 8e12 min suggesting that gelation
had occurred. The kinetics of G0 and G00 were faster than the
turbidimetric kinetics. The dynamic viscosities of both UBM
and collagen type I are shown in Fig. 7 over a frequency range
of w0.08e15 Hz and the results are summarized in Table 2.
The value of n w 1 for both UBM and collagen type I occurs



Fig. 3. Scanning electron micrograph of UBM gels: (A) 3 mg/ml at 5000�; (B) 3 mg/ml at 10,000�; (C) 6 mg/ml at 5000�; (D) 6 mg/ml at 10,000�.
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because G0 [ G00 and G0 is independent of frequency. There-
fore, the complex viscosity of UBM and collagen were
inversely proportional to frequency since jh�jwG0=ð2pf Þ.

4. Discussion

The present study characterized the gelation kinetics, rheo-
logical properties, and the cytocompatibility of a gel form of
an ECM scaffold derived from the porcine urinary bladder
called urinary bladder matrix. The conditions developed in
the present study allowed for the digestion of the UBM scaf-
fold without the need for purification steps that would ad-
versely or excessively affect the molecular composition of
the ECM. The digested UBM self-assembled into a gel when
brought to physiological ionic strength, pH, and temperature.
The gelation kinetics, rheological properties, and the ability
of the gel to support smooth muscle cell growth in vitro
were also determined.

The components responsible for the gelation of UBM are
unknown but most likely gelation was due to the presence of
self-assembling molecules such as collagens, laminins, and
proteoglycans [21,22]. The turbidimetric gelation kinetics of
UBM gels were slower than purified collagen type I at similar
total protein concentrations presumably due to the presence of
glycosaminoglycans in the UBM solution and/or the presence
of different types of collagens or molecules such as fibronectin
which are known to modulate collagen self-assembly [21e25].
The role of glycosaminoglycans in the gelation kinetics of
UBM is supported by previous studies that have shown a de-
crease in final turbidimetric absorbance and changes in gela-
tion kinetics of collagen type I gels when mixed with
different glycosaminoglycans [24]. The exact reasons for the
changes in turbidity and gelation kinetics remain unknown.
However, the findings suggest that the process is not simply
collagen chemistry but rather a result of the interplay of all
of the components within the digested UBM.

Rat aortic smooth muscle cells (rSMCs) were able to grow
upon and adhere to the UBM gels. After 48 h of incubation,
greater numbers of cells were found on the lyophilized sheets
of UBM when compared to collagen type I and UBM gels.
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The greater number of cells found on the lyophilized UBM
could be due to differences in the mechanical or structural
properties of the substrates (lyophilized sheet vs gel). Interac-
tions between cells and its substrate have been known to
modulate cell behavior such as adhesion, proliferation, and
migration [26]. Another plausible explanation could be the
presence of bioactive proteins/peptides present at the surface
of the lyophilized UBM that are no longer surface-located in
the gel form. If such bioactive proteins/peptides are retained
during the digestion process, it could explain the higher cellu-
lar content found on UBM gels when compared to collagen
type I after the 48-h incubation period. Future studies will
determine the biochemical composition of the UBM gel as
well as the retention of bioactivity after enzymatic digestion
of UBM.

The rheological properties of the UBM gel were deter-
mined and showed that both the storage modulus (G0) and
the loss modulus (G00) increased as a function of time after
the temperature of the buffered solution was increased to
37 �C. The gelation of UBM observed by turbidimetric and
rheologic methods showed a sigmoidal shape. After approxi-
mately w20e30 min, the turbidity and the shear moduli of
UBM reached a constant value at which point gelation was
deemed complete. After the gelation period, G0 was greater
than G00 suggesting that the gel behaved as a solid-like struc-
ture. This transition to a solid structure occurred for both
3 mg/ml and 6 mg/ml UBM gels. As seen by the changes in
Table 1

Results from the turbidimetric analysis of the UBM gelation kinetics

Material S t1/2 tlag

Collagen type I 3 mg/ml 0.20 (0.01)* 12.2 (1.1)* 9.7 (0.8)*

UBM 3 mg/ml 0.07 (0.01) 24.4 (2.4) 16.8 (2.0)

UBM 6 mg/ml 0.09 (0.04) 22.4 (4.9) 15.2 (3.3)

Data represent mean� SD; *p< 0.05.
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Table 2

Comparison of the complex viscosity of UBM gels with commercially avail-

able injectable materials

Material k n r2 Frequency

range (Hz)

Reference

Collagen type I 3 mg/ml 6.92 �1.117 0.995 0.01e15 e
Urinary bladder

matrix 3 mg/ml

2.35 �1.062 0.988 0.01e15 e

Urinary bladder

matrix 6 mg/ml

5.69 �0.955 0.999 0.01e15 e

Gelatin (Gelfoam) 149.39 �0.903 0.997 0.01e15 [27]

Zyplast� 99.851 �0.915 0.998 0.01e15 [27]

Zyderm� 66.395 �0.915 0.998 0.01e15 [27]

Zyderm� 12 �0.860 0.977 0.01e100 [29]

Cymetra� 19.9 �0.778 0.972 0.01e100 [29]

Hyaluronic acid-DTPH 3.19 �0.744 0.974 0.01e100 [29]

Human abdominal

subcutaneous fat

23.576 �0.951 0.994 0.01e15 [27]

Polytetrafluoroethylene

(PTFE)

1151.9 �1.027 0.997 0.01e15 [27]
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dynamic complex viscosity (h*) and both G0 and G00 as a func-
tion of concentration, the rheological properties change as
a function of the final concentration. Changes in concentration
can be used to tailor the rheological properties of the gel for
specific applications.

The UBM gels developed in the present study have lower
viscosity values than some of the injectable materials currently
in clinical use [27e29]. Also, high UBM concentrations
(6 mg/ml) were required to obtain gels with similar rheologi-
cal properties to collagen type I gels (3 mg/ml). The increase
in protein concentration needed to obtain the desired rheolog-
ical properties (similar to collagen or hyaluronic acid) may
affect the diffusion of oxygen, nutrients, and waste across
the gel. Changes in diffusion may affect the behavior of cells
if the gel is intended as a cell delivery material or if cells are
embedded within the gel [30,31]. The in vitro response of cells
when seeded within the gel as well as the host tissue response
to the gel will be the subject of future studies.
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5. Conclusions

The present study showed that UBM can be successfully
solubilized and formed into a gel that can be used as an inject-
able scaffold for clinical applications. The present study also
shows that UBM gels support the adherence and growth of
rat aortic smooth muscle cells.
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