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Abstract

Biologic scaffolds prepared from the extracellular matrix (ECM) of decellularized mammalian
tissues have been shown to facilitate constructive remodeling in injured tissues such as skeletal
muscle, the esophagus, and lower urinary tract, among others. The ECM of every tissue has a
unique composition and structure that likely has direct effects on the host response and it is
plausible that ECM harvested from a given tissue would provide distinct advantages over ECM
harvested from nonhomologous tissues. For example, a tissue specific muscle ECM scaffold may
be more suitable for constructive remodeling of skeletal muscle than non-homologous ECM tissue
sources. The present study describes an enzymatic and chemical decellularization process for
isolating skeletal muscle ECM scaffolds using established decellularization criteria and
characterized the structure and chemical composition of the resulting ECM. The results were
compared to those from a non-muscle ECM derived from small intestine (SIS). Muscle ECM was
shown to contain growth factors, glycosaminoglycans, and basement membrane structural proteins
which differed from those present in SIS. Myogenic cells survived and proliferated on muscle
ECM scaffolds in vitro, and when implanted in a rat abdominal wall injury model /n vivo was
shown to induce a constructive remodeling response associated with scaffold degradation and
myogenesis in the implant area; however, the remodeling outcome did not differ from that induced
by SIS by 35 days post surgery. These results suggest that superior tissue remodeling outcomes are
not universally dependent upon homologous tissue derived ECM scaffold materials.
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1. Introduction

Biologic scaffold materials composed of extracellular matrix (ECM) are typically produced
by decellularization of mammalian tissues such as urinary bladder, dermis, or small intestine
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[1] and have been shown to facilitate the functional reconstruction of several tissue types
[2,3] including the lower urinary tract [4,5], heart and vascular structures [6,7], esophagus
[8,9], and musculoskeletal tissues [10-13], among others. The mechanisms by which
constructive remodeling occurs include the recruitment of multi-potential stem and
progenitor cells to the site of scaffold placement [14,15], promotion of a favorable M2
macrophage phenotype at the host tissue/bioscaffold interface [16], regional angiogenesis
[17], and mitogenesis [15,18]. These tissue derived biologic scaffolds are frequently used in
non-homologous anatomic sites, but recent studies have suggested that biologic scaffolds
derived from site specific homologous tissues such as liver and lung may be better suited for
constructive tissue remodeling than non-site specific tissue sources [19-25].

Muscle tissues, including cardiac, skeletal, and smooth muscle, respond favorably when
biologic scaffolds are used for their reconstruction following injury [11,12]. To date, there
have been several attempts to isolate and process skeletal muscle ECM (M-ECM) [26-33].
Most of these attempts have involved the decellularization of intact rodent muscles or the
extraction of rodent muscle ECM proteins, with varying degrees of success. DeQuach et al.
[33] did show that proteins extracted from a decellularized porcine muscle matrix retain
bioactivity. None of these studies have provided a detailed characterization of the intact M-
ECM scaffold derived from a large animal tissue source, nor have any of these studies
applied stringent decellularization criteria in the development of the decellularization
process. The objectives of the present study were to (1) determine a method for
decellularization of skeletal muscle and characterize the structure and composition of the
resulting ECM, and (2) to compare the in-vitro bioactivity and in-vivo remodeling properties
of skeletal muscle ECM vs. non-muscle ECM, specifically SIS, in a rodent model of
abdominal wall muscle repair.

2. Materials and methods

2.1. Overview of study design

Canine skeletal muscle was harvested and decellularized by enzymatic and chemical
methods. The resulting M-ECM was then assessed for biochemical and structural
composition, the cell response /n vitro, and the /n vivo remodeling characteristics in a rat
abdominal wall defect model. ECM composed of porcine small intestinal submucosa (SIS)
was used for comparison purposes. All animal experiments were conducted in accordance to
University of Pittsburgh Institutional Animal Care and Use Committee (IACUC) regulations
and guidelines.

2.2. Preparation of M-ECM and SIS

Whole quadriceps and hamstring muscle groups were isolated from mongrel dogs and
frozen at —80 °C immediately following sacrifice. While frozen, entire muscle groups were
then sliced into 2.25 mm thick sheets transverse to the alignment of muscle fibers. The
muscle slices were then thawed and trimmed of all macroscopic vasculature, fat, and
connective tissues, rinsed in deionized water for 1 h and lyophilized.
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The lyophilized muscle was decellularized following the protocol summarized in Table 1.
Briefly, the muscle was subjected to lipid extraction by placement in a 2:1 (v/v) solution of
chloroform/methanol (Fisher, Waltham, MA) for 2 h under a constant stir rate [34]. The
muscle was rehydrated using a graded series of ethanol and then exposed to a series of
enzymatic and chemical treatments to remove cellular materials in a spinner flask at a stir
rate of 70RPM. These treatments consisted of: 0.2% Trypsin/0.2% EDTA for 2 h (at 37 °C
and pH = 7.6), 2% sodium deoxycholate for 5 h, fresh 2% sodium deoxycholate for 14-16 h,
1% Triton-X 100 for 1 h, and finally 0.1% (w/v) peracetic acid/4% (v/v) ethanol for 2 h
followed by extensive rinsing. The muscle tissue was washed with deionized water and 2x
phosphate buffered saline (PBS) between each step. The M-ECM scaffolds were lyophilized
for storage. Scaffolds used for tissue culture or /n7 vivo implantation were terminally
sterilized with ethylene oxide (16 h cycle at 50 °C in a Series 3plus EOGas Sterilizer,
Anderson Sterilizers, Inc. Haw River, NC).

Porcine small intestine (jejunum) was obtained from 6 month old pigs from the local
abbatoir and prepared as previously described [35]. In brief, the majority of the mucosa and
the entire serosa, and muscularis externa layers of the intestine were mechanically
delaminated from the intestine. The remaining submucosa, muscularis mucosa and stratum
compactum layers were then washed with water and treated with 0.1% (w/v) peracetic
acid/4% (v/v) ethanol for 1 h. SIS was then rinsed extensively, lyophilized, and sterilized
with ethylene oxide.

2.3. Determination of decellularization

Decellularization was defined as fulfilling the following criteria for DNA content: having
less than 50 ng dsDNA/mg ECM dry weight, having all residual DNA fragments be less than
200 base pair in size, and lacking visible nuclei after histologic staining with 4,6~
diamidino-2-phenylindole (DAPI) [1,36,37]. Immediately after processing, M-ECM samples
(n=T7) were fixed in 10% neutral buffered formalin. Samples were then embedded in
paraffin, surface sectioned, and then stained with H&E and DAPI for detection of nuclei
multispectrally at 200x magnification. (Nuance multispectral imaging, CRi, Cambridge,
MA) Additional non-fixed samples were used to quantify the amount of double stranded
DNA using the PicoGreen assay (Invitrogen, Carlsbad, CA). DNA was extracted from
powdered M-ECM by digesting in 0.1 mg/ml proteinase K (Sigma, St. Louis, MO) at 50 °C
for 24 h. Samples were then purified with two phenol/chloroform/isoamyl alcohol (25:24:1
v/Vv) extractions. After ethanol precipitation and drying, the DNA was resuspended in 1 ml
TE buffer (pH = 8.0) then quantified using the PicoGreen assay according to the
manufacturer’s instructions. The size of the extracted DNA fragments was determined after
separation by 2% agarose gel electrophoresis.

2.4. Scanning electron microscopy

Scanning electron micrographs were taken to examine the surface topology of M-ECM and
native muscle tissue. Prior to final lyophilization, samples were fixed in cold 2.5% (v/v)
glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA) in PBS for at least 24 h,
followed by three washes in PBS. Lipid fixation was performed in 1% (w/v) osmium
tetroxide (Electron Microscopy Sciences) for 1 h followed by three washes in PBS. Fixed
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samples were then dehydrated using a graded series of alcohol (30, 50, 70, 90, 100%) for 15
min each, followed by 15 min in hexamethylenediamine (Fisher) and subsequent air drying.
The dried samples were sputter coated with a 3.5 nm layer of gold/palladium alloy using a
Sputter Coater 108 Auto (Cressington Scientific Instruments, Watford, UK) and imaged with
a JEOL JSM6330f scanning electron microscope (JEOL, Peabody, MA) at 25%, 500x%,
1000x, and 10,000% magnifications.

2.5. Sulfated glycosaminoglycan quantification

Sulfated glycosaminoglycan (GAG) content in different preparations of M-ECM (n=7), SIS
(n=4), and native muscle tissue (/7= 3) was determined using the Blyscan Sulfated
Glycosaminoglycan Assay Kit (Biocolor Life Sciences, Carrickfergus, UK). For each
sample, 25 mg/ml of powdered ECM in 100 mM Tris (pH = 7.5) was digested with 0.1
mg/ml proteinase K (Sigma) at 50 °C for 24 h with gentle agitation. The digested scaffold
was then assayed following the manufacturer’s instructions.

2.6. Protein extraction & growth factor quantification

Soluble proteins were extracted from different preparations of M-ECM (n=5), SIS (n= 3),
and native muscle tissue (7= 2) and analyzed for growth factor content. Soluble proteins
were extracted from 300 mg of powdered ECM or tissue in 7 ml of a urea-heparin buffer
(2M urea, 50 mM Tris, 5 mg/ml heparin, 10 mM N-ethyl-maleimide, 5 mM benzamidine,
and 1 mM phenylmethylsulfonyl fluoride at pH = 7.4). Samples in urea-heparin buffer were
gently agitated for 20-24 h at 4 °C, after which they were centrifuged for 30 min at 3000g
and the supernatant collected. The remaining pellet was resuspended in freshly prepared
urea-heparin buffer and the extraction process repeated. Each extract was then dialyzed
against 80-100x volume of deionized water using 3500MWCO Slide-A-Lyzer dialysis
cassettes (Pierce, Rockford, IL) for 24 h, with water changes after 4 and 8 h. The recovered
extracts were analyzed for total protein recovered using the BCA protein assay (Pierce) and
frozen at —80 °C until further use.

The isolated protein extracts were quantified for vascular endothelial growth factor (VEGF)
and basic fibroblast growth factor (bFGF) with human ELISAs (R&D systems, Minneapolis,
MN) following the manufacturer’s instructions. Canine, porcine, and human bFGF and
VEGF show a high level of sequence homology and extractions from native canine tissue
were found to be reactive with the human ELISA kits used.

2.7. ECM staining and immunolabeling

M-ECM, SIS, and native muscle tissue were fixed in formalin, embedded in paraffin, and
then cut into 5 um sections. Standard histologic stains were performed using Herovici’s
Polychrome (staining for collagen Types | & 111) and Movat’s Pentachrome (staining for
elastin, collagen, and GAGSs). Immunolabeling studies were also conducted for the presence
of basement membrane proteins laminin, type 1V collagen, and fibronectin.

For immunolabeling, slides were deparaffinized followed by epitope retrieval in 10 mM
citrate buffer (pH = 6.0) at 95 °C for 15 min. Endogenous peroxidase activity was quenched
by incubation in a 3% (v/v) hydrogen peroxide/methanol solution for 30 min at room
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temperature. Non-specific antibody binding was blocked with 2% normal goat serum in PBS
(\ector, Burlingame, CA) for 1 h at room temperature. Tissues were then labeled with
primary antibodies overnight at 4 °C. Antibodies were raised in rabbit against human
laminin (1:50, L9393, Sigma), type 1V collagen (1:100, T59106R, Meridian Life Science
Inc., Saco, ME), and fibronectin (1:300, F3648, Sigma) and were diluted in the blocking
solution. Sections were then rinsed in PBS and incubated in a biotinylated goat anti-rabbit
IgG secondary antibody (1:100, Vector) diluted in blocking solution for 2 h at room
temperature. Sections were rinsed as before and incubated in the Vectastain ABC reagent
(\Vector) for 30 min at room temperature and then exposed to a diaminobenzadine substrate
(ImmPact DAB, Vector) until appropriate staining developed. Staining was stopped by
rinsing sections in deionized water followed by counterstaining with hematoxylin. Antibody
isotype controls were used in the place of the primary antibody to determine the presence of
non-specific staining.

2.8. Cell culture on M-ECM scaffolds

C2C12 mouse myoblast, human perivascular stem cell, NIH 3T3 mouse fibroblast, and
human microvascular endothelial cell (HMEC) lines were cultured on the surface of M-
ECM scaffolds and the abluminal side of SIS to evaluate /in vitro cell compatibility. The
perivascular stem cells were isolated from fetal skeletal muscle (as described by Crisan et al.
[38]), and passage 8-12 was utilized for all experiments. The HMEC, C2C12, and NIH 3T3
cell lines were obtained from ATCC (Manassas, VA). C2C12 and NIH 3T3 cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen) supplemented with
10% fetal bovine serum (FBS), (Hyclone) and 100 U/ml penicillin/100 pg/ml streptomycin
(Invitrogen). HMECs were cultured in MDCB131 Medium (Invitrogen), supplemented with
10% FBS and 100 U/ml penicillin/100 pg/ml streptomycin. Perivascular stem cells were
cultured in DMEM supplemented with 20% FBS and 100 U/ml penicillin/100 pug/ml
streptomycin. C2C12 cells were also cultured in low serum conditions to induce myotube
formation, which consisted of DMEM supplemented with 2% horse serum and 100 U/ml
penicillin/100 pg/ml streptomycin.

C2C12 cells, perivascular stem cells, NIH 3T3 cells, and HMEC cells were seeded on the
surface of lyophilized sheets of M-ECM at a density of 500,000 cells/cm? for 7 days, with
media changes after the 1st and 4th days. C2C12 cells were grown in both high serum and
low serum differentiation conditions. The cell seeded scaffolds were then fixed in formalin,
cut into 5 um cross sections, and stained with H&E. These were imaged at 200x
magnification and evaluated for cell morphology characteristics. Perivascular stem cell
seeded scaffolds were also fixed with formalin and labeled with Alexa Fluor-546 conjugated
phalloidin (Invitrogen) for actin and DAPI for nuclei. The scaffold surface was then imaged
with a confocal microscope. (Leica DMI 4000B, Leica Microsystems, Buffalo Grove, IL).

2.9. Cell metabolism on M-ECM scaffolds

Lyophilized M-ECM and SIS sheets (7= 6-12) from 2 different scaffold preparations were
cut into 8 mm disks using a biopsy hole punch, placed into a 96-well plate, and anchored to
the bottom of the wells with silicone rings. The disks were sterilized with ethylene oxide (16
h cycle at 50 °C in a Series 3plus EOGas Sterilizer) and seeded in triplicate with C2C12
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myoblasts or perivascular stem cells at a density of 4000 cells/well in 200 ul of media. Cells
were also seeded in wells with only the plastic anchor ring as controls (7= 3-6). Cells were
cultured for 1, 3, and 5 days in standard media, and at each timepoint, cell metabolism was
assessed using the alamar blue assay (Invitrogen). Alamar Blue reagent was added to each
well for 6 h, then transferred to a separate plate and read fluorescently (ex:560, em:590). A
non-seeded scaffold background control was subtracted from each reading. All values were
normalized to a standard curve of 1000-20,000 cells/well adding Alamar Blue 4 h after
seeding and measuring after 6 h of incubation in the Alamar Blue reagent.

implantation of M-ECM scaffolds in a rat abdominal wall defect

The in vivo remodeling characteristics of M-ECM and SIS scaffolds were determined in a
partial thickness abdominal wall defect model in the rat [11,17]. A 1 x 1 cm partial thickness
defect was created in the ventrolateral abdominal wall of female Sprague—-Dawley rats by
removing the external and internal oblique muscles (both are skeletal muscle) while leaving
the transversalis muscle and the peritoneum intact. The defect was repaired witha 1 x 1 cm
sheet of M-ECM or SIS sutured at the 4 corners of the defect with 4-0 Prolene sutures
(Ethicon Inc., Somerville, NJ), or left untreated with no implanted ECM as a defect only
control. The skin incision was then closed with absorbable 4-0 Vicryl sutures (Ethicon) and
the rats were allowed to recover normally. Rats were sacrificed 14 and 35 days post-
implantation (/7= 4 per group per timepoint), and the repaired defects were excised and fixed
with formalin. Explants were then embedded in paraffin, sectioned, and stained with
Masson’s Trichrome stain or immunolabeled for fast and slow myosin heavy chain (MHC)
to evaluate myogenesis as previously described [11]. Slides were deparaffinized followed by
epitope retrieval in 0.1 mM EDTA at 95-100 °C for 25 min and then 0.1% Trypsin/0.1%
Calcium Chloride (w/v) at 37 °C for 10 min. Endogenous peroxidase activity was quenched
by incubation in a 0.3% (v/v) hydrogen peroxide solution in TBS for 10 min at room
temperature. Sections were then blocked with 2% normal horse serum/1% BSA in TBS
(\ector) for 30 min at room temperature and then labeled with mouse anti-slow myaosin
heavy chain (1:1000, M8421, Sigma) for 40 min at room temperature. Sections were then
rinsed in TBS and incubated in a biotinylated goat anti-mouse IgG secondary antibody
(1:200, Vector) diluted in blocking solution for 1 h at room temperature. Sections were
washed as before and incubated in the Vectastain ABC reagent (Vector) for 30 min at room
temperature and then exposed to a diaminobenzadine substrate (ImmPact DAB, Vector) until
appropriate staining developed. Sections were then incubated in blocking solution for 10
min followed by incubation in alkaline phosphatase conjugated mouse anti-fast myosin
heavy chain (1:200, A4335, Sigma) diluted in blocking solution for 1 h. After rinsing, color
was developed by staining with red alkaline phosphatase (Vector) until appropriate staining
developed. Slides were then counterstained with hematoxylin, dehydrated, and cover
slipped.

2.11. Statistical analysis

All statistical analysis was performed using MATLAB software (MathWorks, Natick, MA).
Differences in composition (GAGs, total protein, bFGF, and VEGF) comparing M-ECM to
SIS or native muscle tissue were found using a two-tailed Student’s #test with a significance
level of p < 0.05. Metabolic activity differences were determined for both C2C12 myoblast
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and perivascular stem cell seeded scaffolds. Each substrate at every time point was analyzed
using a two-way analysis of variance (ANOVA) with a Tukey post-hoc test and with a
significance level of p< 0.05. All values are given as the mean * standard deviation.

3. Results

3.1. Verification of decellularization

The amount and size of residual DNA content after decellularization for each preparation of
M-ECM prepared was quantified and is presented in Fig. 1. Histologic analysis of M-ECM
(Fig. 1A and C) showed no evidence of intact nuclear material on H&E or DAPI as
compared to native muscle (Fig. 1B and D). After decellularization, there was 7.42 + 1.67 ng
DNA/mg dry weight compared to the 1549 + 489 ng DNA/mg dry weight found in native
muscle tissue (Fig. 1E). There were no clearly visible bands of DNA after separation on a
2% agarose gel, while native muscle showed a range of DNA fragments (Fig. 1F). These
values met previously described criteria of decellularization [1,36,37].

3.2. Scanning electron microscopy

The surface topology of M-ECM scaffolds was compared to native muscle tissue using SEM
and is presented in Fig. 2. M-ECM had an uneven surface composed of compact structures
in a net like pattern (Fig. 2A-D). Higher magnification revealed that these structures
consisted of long compact fibrils or bundles of fibrils with a banding pattern suggestive of
collagen (Fig. 2D, arrows). No myofiber cellular remnants were seen. In contrast, native
muscle showed clear tubular myofiber boundaries with densely packed microfibrillar
elements within each cell (Fig. 2E-F).

3.3. Sulfated glycosaminoglycan quantification

The results of the GAG assay are summarized in Fig. 3A. M-ECM contained 0.61 + 0.01
ug/mg dry weight of sulfated GAGs after decellularization compared to the 3.02 + 0.56
pg/mg dry weight in native muscle tissue. SIS had the greatest amount of GAGs with 9.97
+ 0.58 pug/mg dry weight.

3.4. Protein & growth factor quantification

Soluble proteins remaining in M-ECM, SIS, and native muscle were extracted using urea-
heparin extraction buffer and then were quantified using the BCA protein assay as
summarized in Fig. 3B. The amount of protein extracted from M-ECM was 2.30 = 0.57 mg
protein/g dry weight for M-ECM, which was two orders of magnitude less than the 203.03
+ 30.74 extracted from native muscle tissue and one order of magnitude less than the 23.04
+ 2.52 extracted from SIS.

Total amounts of bFGF are presented in Fig. 3C. M-ECM retained bFGF, though in lower
amounts than SIS. Total bFGF content was found to be 10.15 + 2.34 ng bFGF/g dry weight
in M-ECM, which was less than the 75.22 + 19.57 found in SIS and the 31.41 + 8.28 ng
bFGF/g dry weight found in native muscle. When normalizing these bFGF values to the
amount of total protein extracted in Fig. 3D, M-ECM, SIS, and native muscle were similar
with 6.85 + 2.56, 3.61 + 1.37, and 0.20 = 0.088 ng bFGF/mg protein, respectively. There
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was no detectable VEGF extracted from M-ECM or SIS. Native muscle contained 56.10
+ 12.93 ng VEGF/g dry weight.

3.5. ECM staining and immunolabeling

M-ECM scaffolds and native muscle was stained with Herovici’s and Movat’s Pentachrome
stains as shown in Fig. 4. Herovici’s staining of native muscle showed a distribution of thick
type | collagen in the perimysium (purple) and type I11 collagen staining (blue) around
individual muscle fibers consistent with previous studies (Fig. 4A) [39]. Herovici’s staining
of M-ECM showed thick Type | collagen bundles and dispersed strands of Type I11 collagen
(Fig. 4B). Movat’s pentachrome showed the presence of collagen (yellow) in the
perimysium of native muscle (Fig. 4C) and in M-ECM (Fig. 4D). M-ECM also shows
positive elastin staining (black, Fig. 4D), which is localized to long strands that are possible
remnants of blood vessels.

M-ECM scaffolds and native muscle tissue showed evidence of basement membrane
proteins laminin, type IV collagen, and fibronectin (Fig. 5). In native muscle, there was a
clear localization of laminin and type IV collagen to the basement membrane surrounding
muscle fibers (Figure 5A-B). Fibronectin was found on basement membranes of native
muscle as well as the interstitial connective tissue (Fig. 5C). SIS showed no positive laminin
staining, but prevalent type IV collagen and fibronectin staining (Fig. 5G-1). Antibody
isotype controls verified the lack of non-specific staining (data not shown).

3.6. Cell culture and compatibility on M-ECM scaffolds

Cell attachment, survival, and morphology was assessed using histologic methods for M-
ECM and SIS scaffolds seeded with the following cell lines for 7 days in culture: C2C12
myoblasts (Fig. 6A & B), human perivascular stem cells (Fig. 6C-E), NIH 3T3 fibroblasts,
HMEC endothelial cells, and differentiated C2C12 myotubes (Supplementary Fig. 1).
Histologic cross sections showed a confluent layer of cells on the surface that possessed a
normal, healthy morphology for all cell types on both M-ECM and SIS. Normal cell
morphology was further confirmed for perivascular stem cells by staining and imaging the
surface with phalloidin for actin (Fig. 6E) showing spread cell morphology forming a
confluent monolayer. C2C12 differentiation was supported on both M-ECM (Supplementary
Figs. 1E & F) with the presence of elongated multi-nucleate myotubes upon histologic
examination.

3.7. Cell metabolism on M-ECM

The proliferation of C2C12 myaoblasts (Fig. 7A) and perivascular stem cells (Fig. 7B) seeded
on M-ECM and SIS scaffolds or seeded in empty wells (TC) was estimated from the Alamar
Blue assay and all differences defined as p < 0.05. C2C12 metabolic activity was greater on
seeded TC than SIS from day 1 onward, and greater than M-ECM from day 3 on. M-ECM
metabolic activity did not change over the time course of the study, but SIS and TC showed
an increase from day 1 at days 5 and 3, respectively. In contrast, perivascular stem cells
seeded on TC did not show alterations in metabolic activity over the time course of the
study. Both M-ECM and SIS seeded scaffolds showed an increase in cell metabolism
between days 1 and 5.
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3.8. In vivo implantation of M-ECM scaffolds in a rat abdominal wall defect

M-ECM and SIS sheets were implanted in a partial thickness abdominal wall defect for 14
and 35 days and evaluated by histologic methods. At 14 days, both M-ECM and SIS
scaffolds showed a robust mononuclear cell response with a dense accumulation of cells
around the implants (Fig. 8A-D). Compared to M-ECM, the SIS scaffold displayed a greater
extent of degradation as shown by a highly fragmented scaffold appearance at 14 days (Fig.
8B and D, asterisks). There were occasional multinucleate cells in direct contact with the M-
ECM scaffold (Fig. 8B, arrowheads) that was absent in the SIS group. Both implants showed
angiogenesis around the scaffolds (Fig. 8B and D). By 35 days, the mononuclear cell
response had largely dissipated in both scaffolds and there was evidence of myogenesis
within a more organized collagenous connective tissue (Fig. 8E-H). For M-ECM, there were
still scattered regions in which the scaffold had not completely degraded, with collagenous
bands of scaffold visible on histologic examination (Fig. 9A, asterisks) with associated
multinucleate cells (Fig. 9A, arrowheads). The SIS scaffold was more completely degraded,
with the infrequent exception of scattered small fragments (Fig. 9B, asterisks) surrounded by
a dense accumulation of mononuclear cells. Islands of small diameter muscle fibers staining
positive for slow or fast myosin heavy chain were occasionally found in the defect at the
interface with the subjacent transversalis fascia (Figure 8I-L). A greater proportion of the
muscle stained positive for fast myosin than slow, consistent with the staining pattern in
adjacent native muscle. There was no apparent difference in the amount or phenotype of new
muscle observed between M-ECM and SIS scaffolds at the 35 day timepoint. The unrepaired
defect only control group at 35 days showed only a thin layer of collagenous connective
tissue within the defect area, and little evidence of continued remodeling. (Supplementary
Fig. 2A & B) There was a dispersed spindle shaped cell population and no observed
myogenic cells.

4. Discussion

A method for the preparation of skeletal muscle ECM scaffolds from a large animal tissue
source is described in the present study. The M-ECM scaffold was shown to be thoroughly
decellularized by established criteria while simultaneously preserving many of the
components found in the native ECM. The bioactivity of the scaffold was evaluated and
shown to affect the proliferative potential of muscle progenitor cells /in vitro as well as the
induction of a constructive remodeling response in vivo. Although differences were
identified in the structure and composition of the ECM scaffolds prepared from skeletal
muscle and small intestinal submucosa, no differences were present in their respective
effects upon the remodeling of skeletal muscle in a rodent model.

The method of preparation of an ECM scaffold can have profound effects upon the
composition, ultrastructure, and subsequent host response to the scaffold following
implantation. Skeletal muscle ECM scaffolds have been prepared and evaluated for the
purpose of in vivo skeletal muscle reconstruction and several different decellularization
approaches have been described. Merritt et al. provided a detailed assessment of the /n vivo
host response to acellular skeletal muscle and observed myogenesis at the scaffold/tissue
interface, but found functional recovery only when mesenchymal stem cells were pre-seeded
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on the scaffold [30,40]. This study utilized a relatively harsh decellularization protocol
compared to methods described in the present study. Such harsh methods are effective at
removing cellular material but also effectively denature matrix components [41,42]. Other
studies have reported the use of decellularized muscle tissue with less harsh decellularization
protocols; however, quantification of decellularization was not attempted. While most visible
nuclear material can be removed following decellularization attempts, cell remnants remain
within the matrix, which can adversely affect /n vivo remodeling. Consequently, less than
ideal remodeling responses occur /n vivo with the exception of those scaffolds pre-seeded
with myogenic cells [26-29].

Although most clinical applications of ECM scaffolds have involved a non-homologous
implantation site, there have been recent studies which suggest an advantage for the use of
site specific ECM [19-24,43,44]. The concept of tissue specificity in ECM scaffolds is
predicated upon the concept that there is a unique structure and composition within each
tissue, and even within different regions of individual tissues. The ECM of tissues and
organs provides a microenvironmental niche for resident cells that promotes and maintains
site appropriate phenotype and function [45]. This niche environment is the sum of both
structural and biochemical milieu that includes collagens, glycosaminoglycans,
proteoglycans, and bound growth factors, among others that may influence myogenesis and
the remodeling response [46].

The M-ECM characterized in the present study maintains several of the factors found in
native muscle tissue including basement membrane proteins and GAGs. Growth factors can
be sequestered within the ECM, and FGF was shown in the present study to survive the
decellularization process. Although assays used in the present study do not determine
biologic activity, previous studies have shown that growth factors within decellularized
tissues can stimulate cells in culture [47]. The differences in composition between M-ECM
and SIS in the present study are most likely explained by not only the different tissue
sources (muscle vs. small intestine), but also by the different decellularization techniques
that were used. SIS is a thin material prepared primarily by mechanical methods from the
parent small intestine tissue and a brief exposure to peracetic acid. M-ECM on the other
hand uses enzymatic and detergent chemical methods that have different effects upon the
matrix.

In addition to the retention of components found in the native ECM, M-ECM was shown to
be cell compatible for a number of cell types /n vitro as evaluated using histologic methods
and with the Alamar Blue assay. C2C12 cells seeded on M-ECM and SIS were similar in
their metabolic profile over the time course of the study, which was less than in non-ECM
covered wells. Perivascular stem cells, however, showed greater growth over time compared
to non-ECM covered cells. These effects may have been due to the presence of ECM
specific attachment proteins, or soluble growth factors that may have eluted from the
scaffold during culture. It should be noted that the Alamar Blue assay is a metabolic assay,
which is not directly correlated to cell number in all circumstances.

The determinants of success for biologic scaffold remodeling /in vivo are not fully
understood, but empirical observations have proven informative. SIS that is prepared without
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chemical cross-linking has been shown to promote a constructive remodeling response,
myogenesis, and partial restoration of function [11,12]. Thoroughness of decellularization,
as attained in the present study, avoids a proinflammatory response whereas ineffective
decellularization is associated with a robust inflammatory response [48]. ECM scaffold
degradation is another determinant of remodeling outcome. Degradation products of ECM
scaffolds have been shown to have chemotactic and mitogenic effects on stem cells in vitro
and /n vivo [15,18], and inhibition of scaffold degradation is associated with less desirable
outcomes [11,17]. M-ECM, like SIS and other previously evaluated scaffolds, invokes a
strong cellular response at early timepoints, which dissipates over time in a partial thickness
abdominal wall defect model. M-ECM showed a morphologically different cell population,
specifically, multinucleate cells, in direct contact with the scaffold at 14 days. Multinucleate
cells were not seen in the tissue response to the SIS-ECM scaffold. M-ECM did appear to
degrade more slowly than SIS, with some intact M-ECM scaffold fragments visible at 35
days. There was extensive remodeling in areas where the M-ECM had degraded, with small
islands of myosin heavy chain expressing muscle cells in the defect area in a very similar
pattern to SIS at this time point. In contrast, the unrepaired defect only control, exhibited
very little remodeling and no myogenesis confirming the positive influence of M-ECM and
SIS scaffolds on the host response. Despite the numerous differences in the structure,
composition, and early host responses between M-ECM and SIS, the remodeling
characteristics and myogenesis at 35 days were indistinguishable. It is possible that there
will be additional divergence in the remodeling outcome at later time points when
remodeling is complete. Future studies will evaluate M-ECM in a larger defect model to
better evaluate myogenesis over longer periods of time and also evaluate functionality of any
new muscle tissue that may occur during the remodeling process.

5. Conclusions

A M-ECM scaffold can be prepared from a large animal source using an enzymatic and
chemical processing method. The M-ECM conforms with established decellularization
criteria while preserving factors found in native muscle ECM that may be beneficial to the
host remodeling response. The M-ECM exerts biologic effects on myogenic cells in vitro
and promotes positive remodeling characteristics in a rodent muscle defect model. However,
when compared to the nonhomologous SIS there was no detectable advantage in using a
tissue specific M-ECM scaffold, despite differences in the structure and composition of the
two bioscaffold materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Residual DNA content of M-ECM scaffolds after decellularization for each batch tested in

the study (7= 7) compared to native muscle (7= 2). Histologic appearance after H&E

staining of (A) M-ECM and (B) native muscle tissue, and after DAPI staining of (C) M-

ECM and (D) native muscle, bar represents 100 um. The DAPI stained M-ECM is

overexposed and imaged multispectrally displaying scaffold autofluorescence as gray and
nuclei as blue. (E) Results of the PicoGreen analysis for double stranded DNA extracted per

mg dry weight of scaffolds + SD. (F) Extracted DNA from several batches of M-ECM

separated via 2% agarose gel electrophoresis and compared with native muscle and a 100 bp

ladder. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2.
SEM images of M-ECM and native muscle tissue. M-ECM was imaged at (A) 25x, (B)

500x, (C) 1000x%, and (D) 10,000% magnifications and compared to native muscle cross
sections at (E) 500x and (F) 5000x%. Long fibrils with a collagen-like banding pattern were
observed in the M-ECM scaffold.
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*

Native SIS M-ECM
——— i : i
Native SIS M-ECM

Biochemical analysis of M-ECM scaffolds (7= 5-7) compared to SIS (7= 3-4) and native
muscle tissue (7= 2-3) displaying (A) the sulfated GAG content, (B) total protein recovered
after urea-heparin extraction, and (C-D) basic FGF content. (C) displays the total bFGF
extracted per initial dry weight of tissue and (D) displays that same amount normalized to
total soluble protein extracted.
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Fig. 4.
Histologic appearance after (A-B) Herovici’s Polychrome and (C-D) Movat’s Pentachrome
stains for (B,D) M-ECM and (A,C) native muscle tissue. Scale bar represents 100 pum.
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Fig. 5.

Immunolabeling of (A-C) native muscle, (D-F) M-ECM, and (G-I) SIS for the basement
membrane proteins (A,D,G) laminin, (B,E,H) collagen 1V, and (C,F,1) fibronectin. Scale bar
represents 100 pm.
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In vitro cell compatibility histology of (A,C) C2C12 myablasts and (B,D,E) perivascular
stem cells cultured for 7 days on the surface of M-ECM (A,B,E) or SIS (C,D).
Representative images of (A-D) H&E cross sections and (E) fluorescent imaging labeling
with phalloidin for actin (red) or DAPI for nuclei (blue). Scale bar represents 100 um. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 7.

Alilmar Blue assay for cellular metabolism of (A) C2C12 myoblasts and (B) perivascular
stem cells seeded on the surface of M-ECM sheets, SIS sheets, or tissue culture plastic (TC)
controls for 1, 3, and 5 days. Results normalized to standard curve of cells assayed on TC 4
h after seeding. Significance defined as p < 0.05 and * denotes a difference from day 1
within a group, # denotes a difference from SIS within a timepoint, and T denotes a
difference from M-ECM within a timepoint.
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Fig. 8.

Ingvivo response to implanted (A-B,E-F,1-J) M-ECM and (C-D,G-H,K-L) SIS after (A-D)
14 and (E-L) 35 days. Sections stained with (A—H) Masson’s Trichrome or (I-L)
immunolabeled for fast (red) and slow (brown) myosin heavy chain (MHC). There are
obvious scaffold remnants at 14 days for both scaffolds (asterisks), and multinucleate cells
around M-ECM scaffold regions (arrowheads). Scale bar represents 100 um. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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35 days
Masson’s Trichrome

Fig. 9.
Areas of incomplete (A) M-ECM and (B) SIS scaffold degradation after 35 days /n vivo

after Masson’s Trichrome staining. Scattered M-ECM scaffold remnants (asterisks) are
apparent in some regions of the defect, but such regions are smaller and more diffuse for
SIS. M-ECM scaffold remnants are also associated with multinucleate cells (arrowheads).
Scale bar represents 100 pum.
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Summary of the steps in the decellularization of skeletal muscle tissue including the chemical treatment and

time of exposure.

Chemical

Length of treatment

Chloroform/methanol (2:1 v/v)

Graded series of alcohol (100,90,70,50,0)
0.2% Trypsin/0.2% EDTA at 37 C
Deionized water, 2x PBS

2% sodium deoxycholate

Deionized water, 2x PBS

2% sodium deoxycholate

1% Triton X-100

Deionized water

0.1% (w/v) peracetic acid/4% ethanol (v/v)
1x PBS

Deionized water

2h

30 min ea.

2h

30 min ea.

5h

30 min ea.

14-16 h

1h

30 min

2h

30 min ea. (twice)
30 min ea. (twice)
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