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Abstract
Biologic scaffold materials composed of mammalian extracellular matrix (ECM) are commonly used
for the repair and reconstruction of injured tissues. An important, but unexplored variable of biologic
scaffolds is the age of the animal from which the ECM is prepared. The objective of the present study
was to compare the structural, mechanical, and compositional properties of small intestinal
submucosa (SIS)-ECM harvested from pigs that differed only in age. Degradation product bioactivity
of these ECM materials was also examined. Results showed that there are distinct differences in each
of these variables among the various age source ECM scaffolds. The strength and growth factors
content of ECM from 3 week old animals is less than that of ECM harvested from 12, 26 or >52
week old animals. The elastic modulus of SIS-ECM for 3 week and >52 week old source was less
than that of the 12 and 26 week source. Degradation products from all age source ECMs were
chemotactic for perivascular stem cells, with the 12 week source the most potent, while the oldest
source caused the greatest increase in proliferation. In summary, distinct differences exist in the
mechanical, structural, and biologic properties of SIS-ECM harvested from different aged animals.
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INTRODUCTION
Biologic scaffold materials composed of mammalian extracellular matrix (ECM) are
commonly used for the repair and reconstruction of injured or missing tissues and organs [1].
The mechanical and material properties of ECM scaffolds and the host tissue response to these
biomaterials has been shown to depend upon the tissue specificity of the ECM material [2–
4], processing methods [5–8], hydration [9], three dimensional configuration [10], and terminal
sterilization [11,12]. The wide spectrum of clinical outcomes possible as a result of these factors
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has been recently reviewed for ECM scaffold materials commonly used for orthopedic
applications [13].

Although the mechanisms of biologic scaffold remodeling and the associated outcomes are
only partially understood, there is now convincing evidence that nascent growth factors [14,
15], surface topology and the distribution of surface ligands [16–19], modulation of the host
innate immune response [5,20], and microenvironmental cues including mechanical loading
[21,22] all contribute to the eventual functional outcome. It is generally believed that fetal
wound healing results in less scar tissue formation and a more regenerative outcome than the
adult response to tissue injury [23–25] and for this reason some biologic scaffolds use source
materials that include fetal or neonatal cells [26,27], or fetal ECM [28]. The effect of donor
animal age upon the structural and material properties of the ECM scaffolds produced from
these tissues has not been systematically examined.

The objective of the present study is to compare selected structural, mechanical, and
compositional properties of an ECM, specifically small intestinal submucosa ECM (SIS-
ECM), harvested from pigs that differ only in age. We also investigate the response of select
stem cells to the degradation products of these ECM materials.

MATERIALS AND METHODS
Overview of Experimental Design

SIS-ECM was prepared from the jejunum of pigs of 4 different ages: 3 weeks, 12 weeks, 26
weeks, and greater than 52 weeks. This SIS-ECM was subjected to mechanical and materials
properties testing, analyzed for growth factor and glycosaminoglycan content, and evaluated
for the mitogenic and chemotactic properties of the SIS-ECM degradation products.

Source and Preparation of ECM Material
The jejunum from Whiteshire Hamroc pigs of 4 distinctly different ages (3, 12, 26 and >52
weeks) were harvested immediately following euthanasia (Tissue Source, Lafayette, IN). The
animals were of similar genetic heritage, and were raised and kept in identical husbandry
conditions including diet and vaccination history. All tissues (intestines) were harvested on the
same day and stored on ice prior to processing to create SIS-ECM as previously described
[10,29]. Briefly, the intestines were rinsed with water and the mesenteric tissues were removed.
The intestines were split longitudinally and mechanically delaminated to remove the tunica
serosa, tunica muscularis externa, and the luminal portion of the tunica mucosa including most
of the lamina propria. After delamination, the tunica submucosa and the basilar layer of the
tunica mucosa including the muscularis mucosa and the stratum compactum of the lamina
propria remained. The material was decellularized with 0.1% peracetic acid (Rochester
Midland Corporation, Rochester, NY) followed by multiple rinses with saline and deionized
water, and referred to as SIS-ECM. The SIS-ECM material was then frozen and/or lyophilized.

Preparation of SIS-ECM Degradation Products
SIS-ECM from the four age sources was powdered and digested at 10 mg/mL dry weight with
1 mg/mL pepsin (Sigma, St. Louis, MO) in 0.01N HCl for 48 h at 22°C before dialysis at 4°C
in phosphate buffered saline using Slide-A-Lyzer Dialysis Cassettes, 3500 MWCO (Pierce,
Rockford, IL). Protein concentration was quantified using the BCA protein assay (Thermo,
Waltham, MA) against bovine serum albumin. The resultant material was referred to as SIS-
ECM degradation products.
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Source of Cells and Culture Conditions
Perivascular stem cells were isolated by flow cytometry from human fetal muscle on the basis
of expression of CD146 but not CD34, CD45 or CD56 [30]. Isolated cells were cultured in
high glucose DMEM (Invitrogen, Carlsbad, CA.) growth medium containing 20% fetal bovine
serum (Thermo), 100 U/mL penicillin and 100 mg/mL streptomycin (Sigma) at 37°C in 5%
CO2. These cells have been shown to have multipotent differentiation capacity and to be
responsive to chemotactic and mitogenic properties of ECM degradation products [30,31].

Mechanical Testing
Lyophilized SIS-ECM from animals aged 12, 26 or >52 weeks was cut into longitudinal dog
bone specimens using an identical template (midsubstance of 40 mm by 8 mm). SIS-ECM
from 3 week old animals was narrower than the template and specimens were manually cut to
the same length:width ratio of 5 with a mean width of 7.1 +/− 0.6 mm. Specimens were
rehydrated for at least 48 h, after which time the width and thickness were measured at three
locations prior to uniaxial tensile testing. Specimens were secured to tester grips by placing
screws through holes in each end of the specimen to prevent slipping. All specimens were
subjected to 10 pre-load cycles at 25.4 mm/min (0.100–0.500 N for SIS-ECM from animals
aged 12, 26 or >52 weeks or 0.010–0.050 N for SIS-ECM from 3 week old animals) and
immediately tested to failure, also at 25.4 mm/min. Peak load per unit width was calculated
using mean width. Ultimate tensile stress was calculated from the peak load, mean width, and
mean thickness: σ=F/(w*t). Strain at failure was calculated by dividing the change in length
by the original length: ε=ΔL/Lo. Elastic modulus was taken as the tangent modulus (slope of
the stress-strain curve) in the range of 20–60% of the ultimate tensile stress: E=0.4*σ/(ε60%σ-
ε20%σ). Fourteen samples from each age source were tested.

Thickness Measurement
SIS-ECM from each age source was measured for thickness by a blinded operator applying
equivalent compressive force (8.5 +/− 0.5 N) to all samples. Thickness after rehydration was
measured by subjecting the specimens to lyophilization and then fully rehydrating the samples
by soaking for at least 48 h before measurement by the same operator in the same fashion.
Fourteen samples were measured for each age source.

Collagenase Digestion Assay
SIS-ECM from each age source was cut into 1×1 cm squares. Type 1 collagenase (Invitrogen)
at 50 U/mL in phosphate buffered saline was added to 5 mg/mL dry weight SIS-ECM and
incubated at 37 °C. Samples of the digestion solution were collected hourly and assayed for
protein via the BCA protein assay against bovine serum albumin. Statistical comparison was
performed at the 5 h time point. The experiment was repeated three times.

Growth Factor Analysis
SIS-ECM from each age source was powdered and suspended at 66 mg/mL in urea-heparin
extraction buffer (2 M urea, 5 mg/mL heparin, 50 mM Tris, pH 7.4 and protease inhibitors
1mM phenylmethylsulfonyl fluoride, 5 mM benzamidine, and 10 mM N-ethylmaleimide). The
extraction mixture was rocked for 24 h at 4°C and then centrifuged at 12,000 g for 30 mins at
4°C. Supernatants were collected and 6 mL of freshly prepared urea-heparin extraction buffer
was added to each pellet, re-incubated for 24 h at 4°C, re-centrifuged and supernatants
collected. Supernatants were dialyzed against deionized water and protein concentration was
quantified using the BCA protein assay against bovine serum albumin. Concentrations of basic
fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF) were
determined with the Quantikine bFGF immunoassay and VEGF immunoassay (both R&D
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Systems, Minneapolis, MN) following the manufacturer’s instructions. Each assay was
performed in duplicate and the experiment repeated four times.

Protein Solubilization and SDS-PAGE
Powdered material from each age source was boiled for 10 mins at 2mg material per mL RIPA
buffer containing 0.1% SDS, 1% sodium deoxycholate, and 1% NP-40 (Thermo). Solubilized
protein was quantified using the BCA protein assay and 3 μg of protein from each age source
was resolved on a 7.5% SDS-PAGE gel before staining with Silver Stain Plus (Bio-Rad,
Hercules, CA).

Glycosaminoglycan Analysis
Sulfated glycosaminoglycan (sGAG) concentration in SIS-ECM from the different age source
was determined using the Blyscan sGAG assay kit (Biocolor Ltd., Carrickfergus, United
Kingdom). Samples were prepared by digestion of 50 mg/mL dry weight of each sample with
0.1 mg/mL proteinase K in buffer (10 mM Tris-HCl, pH 8, 100 mM NaCl, 25 mM EDTA) for
48 h at 50°C. Digested samples were assayed following the manufacturer’s instructions. The
assay was performed three times. The spatial distribution of GAGs within the materials was
examined by histologic methods. SIS-ECM from each age source was fixed in buffered 10%
formalin, embedded in paraffin and cut into 5 μm sections, before deparaffinization and staining
with Alcian blue at pH 2.5.

Cell Proliferation Assay
Perivascular stem cell proliferation in response to the presence of SIS-ECM degradation
products was evaluated via 5-bromo-2′-deoxyuridine (BrdU) ELISA (Roche, Nutley, NJ). The
cells were plated at 5×104 cells per well in a standard 96 well plate with 0, 2, 10 or 25 μg/mL
SIS-ECM degradation products and BrdU and labeled for 18 h. Relative proliferation was
quantified at 370 nm and 492 nm in a plate reader (Molecular Devices, Sunnyvale, CA). The
assay was performed in triplicate on three occasions.

Metabolic Activity Assay
Perivascular stem cells were plated at 5×104 cells per well in a standard 96 well plate in medium
containing 10% alamarBlue (Biotium, Hayward, CA) and 0, 2 or 25 μg/mL SIS-ECM
degradation products. Metabolic activity was quantified fluorescently (Ex. 560 nm/ Em. 590
nm) over a period of 7 h and compared statistically at 7h. Each assay was performed in triplicate
on three separate occasions.

Cell Migration Assay
The chemotactic response of perivascular stem cells to SIS-ECM degradation products was
quantitatively evaluated using Neuro Probe 48-well micro chambers (Neuro Probe Inc.,
Gaithersburg, MD). Cells to be assayed were starved for 18 h in media containing 0.5% heat-
inactivated FBS. The starved cells were harvested and resuspended in serum free media at a
concentration of 6×105 cells/mL, and pre-incubated for 1 h. Polycarbonate PFB chemotaxis
filters with a 8 μm pore size (Neuro Probe, Gaithersburg, MD) were coated with 50 μg/mL
collagen I (BD Biosciences, San Jose, CA). The migration of 3×104 cells toward 0 or 100 μg/
mL of SIS-ECM degradation products was tested for 3 h. Migrated cells were stained with Diff
Quik (Dade AG Liederbach, Germany), and 3 magnification fields (20× objective) were
counted from each well. Experimental conditions were tested in quadruplicate wells and the
average number of migrated cells was determined for each condition. The experiment was
repeated six times.
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Statistical Analysis
A one-way analysis of variance (ANOVA) was used to determine any differences between
groups for each assay with a Tukey’s post hoc test used to determine differences between pairs,
with p<0.05 considered significant. For mechanical properties testing, data set outliers (no
more than one value per group) were excluded when greater than two standard deviations away
from the mean. All statistical analysis used SPSS Statistical Analysis Software (SPSS, IBM,
Chicago, IL, USA).

RESULTS
Physical Characterization of SIS-ECM from Four Different Age Sources

Mechanical Analysis—Uniaxial tensile testing showed differences in SIS-ECM from the
various age sources. SIS-ECM from 3 week old animals had lower peak load per unit width
(p<0.001) compared to all other sources (Fig. 1a). SIS-ECM from 12, 26 and >52 week old
animals failed at higher stress (p<0.002) compared to SIS-ECM from 3 week old animals (Fig.
1b). SIS-ECM from animals aged >52 weeks failed at higher strain (p=0.016) compared to
SIS-ECM from 12 week old animals (Fig. 1c). SIS-ECM from 12 or 26 week old animals had
higher elastic moduli (p<0.018) compared to SIS-ECM from 3-week-old animals, and SIS-
ECM from 26 week old animals had a higher elastic modulus (p=0.035) compared to SIS-ECM
from animals aged >52 weeks (Fig. 1d).

Thickness Measurement and Collagenase Digestion—The SIS-ECM material
becomes substantially thicker with age. The 3 week old SIS-ECM was thinner (p<0.001) than
all other ages, while the >52 week old SIS-ECM was thicker (p<0.001) (Fig. 2a). There was
no statistical difference between the thickness of the 12 week old and the 26 week old SIS-
ECM. Lyophilization and rehydration did not alter the thickness of any of the different age
materials. The speed of remodeling in vivo and strength over time of an implanted device will
in part be determined by the resistance of the device to enzymatic degradation. Samples of
each age source material were incubated in collagenase and aliquots of solubilized protein
collected hourly (Fig. 2b). SIS-ECM from all age source materials released protein from the
material. The 3 and 12 week old source materials released more protein, more rapidly, than the
older source materials (p<0.005). The >52 week old source material released less protein than
any other source (p<0.002). After 24 h in the digestion solution the SIS-ECM from the 3, 12,
and 26 week old source was no longer visible, while the >52 week material still appeared
mostly intact.

Characterization of ECM Composition in Four Different Age Sources of SIS-ECM
Growth Factor Analysis and Glycosaminoglycan Quantification—Samples from
each age source were analyzed for the concentration of growth factors bFGF and VEGF. SIS-
ECM from the 3 week old source had less bFGF protein per mg dry weight of material
(p<0.001) than any other age source (Fig. 3a). The 12 week source SIS-ECM had the greatest
amount (p<0.011) with the amount of bFGF protein per mg dry weight material then decreasing
with age (26 weeks less than 12 weeks p=0.011, >52 weeks less than 26 weeks p=0.004). The
VEGF analysis showed that the 3 and >52 week source SIS-ECM had less VEGF protein
(p<0.001) than the 12 or 26 week old source SIS-ECM, which had equivalent amounts of VEGF
(Fig. 3b). No major differences in solubilized proteins were determined among the four
different ages of SIS-ECM from SDS PAGE (Fig. 3c).

Samples from each age source were analyzed for the presence of sGAG (Fig. 3d). SIS-ECM
from the 3 and 12 week old sources contained more sGAG per mg dry weight material
(p<0.001) than the 26 or >52 week old source. The >52 week old source material SIS-ECM
contained less sGAG than the 26 week old source material (p=0.027). The 3 and 12 week old
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source material contained equivalent amounts of sGAG. Staining of transverse tissue sections
of SIS-ECM from each age source with Alcian blue to determine GAG spatial distribution
showed that most of the GAGs are on the inner and outer edges of the material, with the 3 and
12 week old material (Fig. 3e and f respectively) showing more positive staining within material
than the 26 or >52 week material (Fig. 3g and h respectively).

Mitogenic, Metabolic, and Chemotactic Properties of SIS-ECM on Perivascular Stem Cells
Degradation products derived from ECM are believed to play important roles in the recruitment
and mitogenesis of selected cell types [32]. The effects of a pepsin digest of the different age
source SIS-ECM materials on key processes of tissue remodeling, such as stem cell
proliferation and recruitment, were therefore investigated. SIS-ECM degradation products at
2 μg/mL (black bars) from all age sources increased the proliferation of the stem cells (p<0.001)
compared to untreated controls (Fig. 4). At 2 μg/mL, the SIS-ECM degradation products from
the 26 and >52 week old source increased the proliferation of the perivascular stem cells more
than the younger age source materials (p<0.009). SIS-ECM degradation products at 10 and 25
μg/mL also increased the proliferation of the perivascular stem cells (p<0.010) compared to
the untreated control for all age sources except the 3 week old source material. The 26 and >52
week source materials increased the proliferation of the stem cells when compared to the 3
week old source material (p<0.009), but not the 12 week old animal source SIS-ECM. The 26
and >52 week old SIS-ECM degradation products caused an equivalent increase in proliferation
at all concentrations tested.

The increase in metabolism of perivascular stem cells exposed to the different age sources of
SIS-ECM degradation products was monitored for 7 h (Fig. 5). The SIS-ECM degradation
products from all age sources increased the metabolism of the perivascular stem cells (p<0.001)
at all concentrations tested. At 25 μg/mL (Fig. 5b), the SIS-ECM degradation products from
the >52 week old source caused a greater increase in metabolism when compared to the SIS-
ECM degradation products from 3, 12, or 26 week old animals (p<0.001). There was no
difference in the increase in metabolism between the age sources of SIS-ECM degradation
products at 2 μg/mL or between the 3, 12, or 26 week old animals at 25 μg/mL.

The SIS-ECM degradation products from all age sources are chemotactic for perivascular stem
cells (Fig. 6, p<0.001). The migration of perivascular stem cells toward the SIS-ECM
degradation products from 12 week old animals was increased over SIS-ECM degradation
products from 3, 26, and >52 week old animals (p<0.033). The migration of cells toward SIS-
ECM degradation products from >52 week old animals was less than for SIS-ECM degradation
products from the other age animals (p<0.001). The migration of perivascular stem cells toward
SIS-ECM degradation products from 3 and 26 old animals was equivalent.

DISCUSSION
Biomaterials composed of allogeneic or xenogeneic ECM are now commonly used for
reconstruction of a variety of injured or missing tissues and organs [1]. However, clinical
outcomes have varied considerably [13]. Many variables may contribute to these disparate
outcomes, including the age of the animal from which the tissue is harvested. The results of
the present study confirm that differences exist in the composition, structure, and mechanical
properties of SIS-ECM prepared from tissues harvested from different aged animals. The
present study represents the first systematic comparison of biologic scaffold materials that
differ only in the age of the animal from which the materials were manufactured.

Ultimate stress, strain at failure, and elastic modulus of SIS-ECM in this study were similar to
values obtained in other studies of SIS-ECM [33,34]. Single-layer SIS-ECM samples in this
study and multi-layer SIS-ECM samples previously reported by other groups had a peak force
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per unit width within an order of magnitude of each other [35]. Peak force per unit width and
elastic modulus of SIS-ECM in this study were also within an order of magnitude of some
polymer surgical meshes [36], as was strain at failure [37]. Peak load per unit width and sample
thickness were generally proportional to one another (Fig. 1a and Fig. 2a), the only exception
being SIS-ECM from the oldest animals. The differences between the mechanical properties
of SIS-ECM from animals aged >52 weeks and other age sources, was likely caused by changes
in tissue organization because differences in protein composition between the sources appear
to be subtle and were not consistent with the content of macromolecules such as growth factors
and sGAGs (Fig. 3). The thickness of the SIS-ECM materials depends upon the technique of
measurement. Under compressive force (8.5 +/−0.5N) we found that the materials have mean
thicknesses between 12 (3 week source) and 33 (>52 week source) μm (Fig. 2a); however via
histology we observed thicknesses ranging from 33 to 350 μm (Fig. 3e–h). The increased
thickness observed via histology reflects the expansion of the material caused by histological
processing. Previously reported values for SIS-ECM have been 100 [38] to 150μm [39].

There is a significant difference between the in vitro degradation rates of the different ages of
SIS-ECM (Fig. 2b) which may have an effect upon the in vivo remodeling process of the device.
The 12 and 26 week old source SIS-ECM degraded at different rates even though they had
equivalent thicknesses (Fig. 2a). This indicates a change in the SIS-ECM, which is further
continued in the >52 week source SIS-ECM. Age-related changes of ECM post synthesis were
first reported in rat tail collagen fibers which underwent age related crosslinking [40] due to
the Maillard reaction, a non-enzymatic modification of tissue proteins by reducing sugars. This
process results in collagen fibers which are resistant to collagenase digestion [41,42]. A longer
lasting implanted SIS-ECM device may be beneficial in some instances, and selection of the
correct age or combination of SIS-ECM ages may allow the tuning of the device to a particular
application.

The SIS-ECM prepared from all age sources modified the behavior of the perivascular stem
cells, increasing their metabolism, proliferation and causing them to migrate towards the SIS-
ECM degradation products (Fig. 4–6). These cells are believed to be a precursor for
mesenchymal stem cells and therefore of particular interest because their multipotency and
wide distribution throughout the body makes them a possible source for multiple different
tissues that may require repair and regeneration [30,43]. The SIS-ECM biomaterials contain
growth factors and sGAGs which are involved in cell signaling events and promote cell
migration and proliferation [44–47]. The levels of growth factors and sGAGs reported here are
very similar to levels previously reported for SIS-ECM [48]. After in vitro digestion with pepsin
to generate the SIS-ECM degradation products it is unlikely that much if any active growth
factor remains. The observed increase in proliferation, metabolism, and migration and of
perivascular stem cells (Fig. 4–6) is likely caused by matricryptic peptides, derived from ECM
during the process of degradation. These peptides can modulate biologic events including the
recruitment of stem cells [49]. Such matrikines are generated as a result of ECM degradation
and are a possible source of the effects seen here. Although the specific mediators of these
events are not known, a head to head comparison of degradation products derived from the
four different age sources of ECM shows that the >52 weeks age source has less potent
chemotactic effects than the ECM from younger pigs, but both the >52 week and the 26 week
age source result in greater mitogenic effects compared to the other age sources. This difference
illustrates the complexities of cell-matrikine interactions and is likely to be dependent on
proteinase-specific cleavage of ECM peptides during degradation.

The practical value of the findings herein depends upon the desired characteristics of the ECM
device to be manufactured. For example, the design of scaffold materials that must withstand
substantial mechanical loading after in vivo implantation and remodel into load-bearing or
force-generating tissues are likely to require material properties that have the greatest ultimate
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tensile strength and elastic modulus. The present study shows that the animal from which the
material is harvested should be at least 12 weeks of age but older animals provide no advantage
with regard to this particular mechanical property (Fig. 1). Somewhat surprisingly, the pigs
aged >52 weeks yield SIS-ECM with lower elastic modulus compared to 12 or 26 week old
animal source. The in vitro degradation studies suggest that SIS-ECM scaffolds may persist
longer in vivo if manufactured from animals aged >52 weeks (Fig. 2b). If bFGF and VEGF
presence is a major concern, then the raw material should be harvested from animals at least
12 weeks of age (Fig. 3a and b), but the sGAG content is greatest in ECM prepared from the
youngest age sources (3 and 12 weeks, Fig. 3d).

Although the methodology of the present study minimized the inherent biologic variability that
exists in materials harvested from an animal source, there are limitations that must be noted in
the interpretation of the results. First, the results represent the findings from a single source of
ECM material; specifically porcine SIS-ECM. These results cannot necessarily be generalized
to all ECM materials. Second, the mechanical and materials property testing was limited to
uniaxial tensile testing. Other tests of mechanical and material properties, such as biaxial
testing, ball burst strength, and suture retention strength may be more relevant for selected
clinical applications and in vivo remodeling. Third, the in vivo biologic activity of ECM scaffold
materials may not be related to in vitro tests of a particular stem cell type subjected to a mixture
of ECM degradation products generated by pepsin digestion. However, in an effort to
understand the variables that may affect a different clinical outcome, the isolation of a single
variable, such as the age of the animal from which source material is harvested, is essential.

CONCLUSIONS
It is clear that the age of the source animal makes a difference to the properties of the SIS-ECM
scaffold material. Selection of the appropriate age source material for a particular application
should be a considered criterion. This study addresses one of the important variables to be
considered in the design and manufacturing of biologic devices composed of mammalian ECM,
the age of the source animal. The age of the animal from which the material is harvested has
implications for the devices physical properties (Fig. 1 and 2), compositional makeup (Fig. 3),
and the mitogenesis (Fig. 4), metabolism (Fig. 5), and migration (Fig. 6) of stem cells.

Future investigations in an animal model implanted with the different age sources of SIS-ECM
are warranted, as well as experiments to determine the extent to which these findings can be
generalized to other biologic scaffold materials.
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Fig. 1. Mechanical Properties of Porcine SIS-ECM Derived from Animals of Different Ages
Longitudinal SIS-ECM specimens were tensile tested to failure in uniaxial tension and
mechanical properties were calculated from specimen dimensions and load-extension data. (a)
Peak load per unit width was lower for SIS-ECM from 3 week old animals than all other
sources. (b) Ultimate tensile stress was higher for SIS-ECM from 12 or 26 week old animals
compared to 3 week old animals and higher for SIS-ECM from 26 week old animals compared
to animals aged >52 weeks. (c) Strain at failure was higher for SIS-ECM from animals aged
>52 weeks compared to 12 or 26 week old animals. (d) Elastic modulus was higher for SIS-
ECM from 12 or 26 week old animals compared to 3-week-old animals and higher for SIS-
ECM from 26 week old animals compared to animals aged >52 weeks. Data are means of 13
determinations with S.D.
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Fig. 2. Thickness and Collagenase Resistance of SIS-ECM from Different Age Sources
(a) SIS-ECM from the >52 week old source was thicker and 3 week old thinner than 12 or 26
week old source material. Thickness was measured at three locations for 13 samples from each
age source. SIS-ECM from each age source which had never been lyophilized (black bars) or
lyophilized and then fully rehydrated (white bars) was measured for thickness. Data are means
with S.D. (b) SIS-ECM from older animals was more resistant to type I collagenase digestion.
Squares of SIS-ECM material were digested with collagenase and the protein released into the
digestion solution measured for 3 week old (circles), 12 week old (triangles), 26 week old
(squares) or >52 week old (diamonds) source material. Data are means of triplicate
determinations with S.D. The assay was performed on three occasions with similar trends
observed.
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Fig. 3. Growth Factor and sGAG Quantification
(a) SIS-ECM from the 12 and 26 week old sources had more bFGF and (b) VEGF than the 3
or >52 week old source materials. Data are means of duplicate determinations with S.D. The
assay was performed on four occasions with similar trends observed. (c) Protein from each
different age source of SIS-ECM was solubilized and 3 μg was resolved via 7.5% SDS PAGE
and visualized by silver staining. The pattern of protein bands shows no major differences
between each age source. (d) SIS-ECM from 3 and 12 week old source animals had more
sGAGs than the older animal source materials. Data are means of triplicate determinations with
S.D. The assay was performed on three occasions with similar trends observed. (e–h) SIS-ECM
was stained with Alcian blue to detect sGAGs from (e) 3 weeks, (f) 12 weeks, (g) 26 weeks
and (h) >52 weeks source material. Black bar = 50 μm.
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Fig. 4. Proliferation of Perivascular Stem Cells Exposed to Different Age Source SIS-ECM
SIS-ECM degradation products from all source materials increased proliferation, with the 26
and >52 week source material increasing proliferation the most. Perivascular stem cells were
inoculated into media containing 0 (white bars), 2 (black bars), 10 (light grey bars), or 25 (dark
grey bars) μg/mL SIS-ECM degradation products from the different age source materials and
incubated for 18h. DNA synthesis was monitored via BrdU incorporation immunoassay and
quantified colormetrically at 370 and 492 nm. Data are means of triplicate determinations with
S.D. The assay was performed on three occasions with similar trends observed.
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Fig. 5. Metabolism of Perivascular Stem Cells Exposed to Different Age Source SIS-ECM
SIS-ECM degradation products from all source materials increased metabolism, with the >52
week source material increasing metabolism the most. Perivascular stem cells were inoculated
into media containing alamarBlue and (a) 2 μg/mL or (b) 25 μg/mL SIS-ECM degradation
products from 3 week old (black circles), 12 week old (black triangles), 26 week old (black
squares) or >52 week old (black diamonds). Perivascular stem cell metabolism without SIS-
ECM (white circles) is shown as a control. AlamarBlue metabolism was quantified
fluorescently (Ex. 560 nm/ Em. 590 nm) over 7h. Data are means of triplicate determinations
with S.D. The assay was performed on three occasions with similar trends observed.
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Fig. 6. Migration of Perivascular Stem Cells Exposed to Different Age Source SIS-ECM
The SIS-ECM degradation products from 12 week old animals caused greater migration and
>52 week old animals less migration of perivascular stem cells than SIS-ECM from 3 or 26
week old animals. (a) The migration of perivascular stem cells toward 0 (white bar) or 100μg/
mL (black bars) of the SIS-ECM degradation products from the different age source material
was measured in a chemotaxis chamber for 3h. The y-axis represents the number of migrated
cells in three 20× magnification fields. The data are means of quadruplicate determinations
with S.D. The assay was performed on six occasions with similar trends observed. (b) Average
of averages from six cell migration experiments showing fold migration change from 0 μg/mL
SIS-ECM control. Error bars are S.D.
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