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Abstract
Myocardial tissue lacks the ability to significantly regenerate itself following a myocardial infarction,
thus tissue engineering strategies are required for repair. Several injectable materials have been
examined for cardiac tissue engineering; however, none have been designed specifically to mimic
the myocardium. The goal of this study was to investigate the in vitro properties and in vivo potential
of an injectable myocardial matrix designed to mimic the natural myocardial extracellular
environment. Porcine myocardial tissue was decellularized and processed to form a myocardial
matrix with the ability to gel in vitro at 37°C and in vivo upon injection into rat myocardium. The
resulting myocardial matrix maintained a complex composition, including glycosaminoglycan
content, and was able to self-assemble to form a nanofibrous structure. Endothelial cells and smooth
muscle cells were shown to migrate towards the myocardial matrix both in vitro and in vivo, with a
significant increase in arteriole formation at 11 days post-injection. The matrix was also successfully
pushed through a clinically used catheter, demonstrating its potential for minimally invasive therapy.
Thus, we have demonstrated the initial feasibility and potential of a naturally derived myocardial
matrix as an injectable scaffold for cardiac tissue engineering.
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1. Introduction
Heart failure (HF) following a myocardial infarction (MI) continues to be the leading cause of
death in the United States, and the rest of the western world [1]. While total heart transplantation
remains the only successful treatment for end-stage heart failure post-MI, this approach is
limited by a lack of donor hearts. In addition, the myocardial tissue that is damaged during MI
lacks the ability to significantly regenerate itself, which leads to negative left ventricular (LV)
remodeling and eventual HF. Thus, tissue engineering strategies to repair and regenerate the
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area of infarct are essential to prevent HF post MI. New strategies to treat heart failure, such
as the design of scaffold materials for cardiac tissue engineering, show great potential.
Injectable materials, in particular, offer the unique advantage of minimally invasive delivery.

Recent trends in designing scaffolds for tissue engineering have focused on materials that are
biomimetic and tissue-specific, to provide the appropriate chemical and biological cues that
mimic the native microenvironment [2-4]. Injectable materials for myocardial tissue
engineering, such as fibrin [5,6], collagen [7,8], Matrigel [9,10], alginate [11], self-assembling
peptides [12], and chitosan [13], each delivered alone or with cells, have been explored as
potential treatments for MI [14]. However, these materials do not adequately emulate the
structural and chemical make up of the natural myocardial extracellular matrix (ECM).
Providing cells with the correct environmental cues is essential to the success of a tissue
engineering approach [2-4]. Thus, the ideal injectable scaffold for myocardial tissue
engineering would be one that mimics the natural myocardial ECM and promotes
neovascularization to reduce the ischemic environment.

The use of decellularized tissues, as nature's platform, for a variety of tissue engineering
applications has been explored [15,16]. Recent studies have shown the use of decellularized
rat hearts as an intact scaffold for seeding of endothelial cells and cardiomyocytes [17].
Interestingly, rat endothelial cells formed single layers surrounding vessels within the heart
construct, suggesting that chemical cues remained in the decellularized ECM to direct the cells.
In addition, small intestine submucosa and bladder matrix have resulted in cellular infiltration
when utilized as cardiac patch therapies [18,19]. However, while the ECM of each tissue
contains similar components, each individual tissue does have its own unique combination of
proteins and proteoglycans [3,20]. It follows that for myocardial repair, decellularized
myocardial matrix would best mimic the native myocardial ECM's biological and chemical
cues, providing the most appropriate scaffold material. While a patch of cardiac ECM would
retain the natural ECM structure, it would be limited to invasive surgical procedures for
implantation and delivery only to the epicardial surface. Therefore we sought to test the
hypothesis that an injectable form of decellularized myocardial ECM, which would mimic the
biological and chemical cues of native cardiac ECM and be delivered in a minimally invasive
procedure, could be utilized as a scaffold for myocardial tissue engineering.

The objectives of this study were to characterize the biochemical composition and structure of
an injectable form of decellularized myocardial matrix, demonstrate its ability to form a gel
in vivo, and assess its capability for promoting an influx of vasculature. Herein we demonstrate
that this form of myocardial matrix retains a complex biochemical composition, re-assembles
to form a nanofibrous scaffold, can be injected through a 27 G catheter, and promotes vascular
cell migration in vitro and infiltration in vivo. Thus, we have demonstrated that this myocardial
matrix has potential to be used for cardiac tissue engineering applications.

2. Materials and methods
All experiments in this study were performed in accordance with the guidelines established by
the Committee on Animal Research at the University of California, San Diego and the
American Association for Accreditation of Laboratory Animal Care.

2.1. Decellularization of myocardial tissue for matrix preparation
Hearts were harvested from pigs, approximately 30-45 kg, immediately after sedation with a
ketamine/xylazine combination (25 mg/kg, 2 mg/kg respectively) and euthanasia with
beuthanasia (1 mL/5 kg). The major vessels and atria were removed from the heart, and the
ventricular tissue was cut into pieces of about 2 mm in thickness. The cardiac tissue was
decellularized using detergents already shown to be effective in decellularizing an entire rat
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heart, while maintaining its structure [17]. The tissue was briefly rinsed with deionized water
and then stirred in 1% (wt/vol) sodium dodecyl sulfate (SDS) in phosphate buffered saline
(PBS) for 4-5 days, until the tissue was decellularized. The tissue was then stirred in 1% (vol/
vol) Triton X-100 for 30 min for final cell removal. Finally, decellularized cardiac tissue was
stirred overnight in deionized water to ensure removal of detergents. A sample of decellularized
matrix was frozen in Tissue Tek O.C.T. freezing medium, sectioned into 10 μm slices, and
stained with hematoxylin and eosin (H&E) to confirm the absence of cells. Intact ventricular
tissue was also frozen, sectioned, and stained as a reference. Following the described
decellularization procedure, ventricular ECM was lyophilized and milled using a Wiley Mini
Mill to create a powder.

2.2. Preparation of solubilized myocardial matrix for gelation
To generate an injectable form of myocardial matrix, the decellularized matrix was solubilized,
as modified from a previously published protocol for bladder matrix [21]. Optimal
concentrations of pepsin and hydrochloric acid (HCl) for ventricular ECM were determined
experimentally (data not shown). Briefly, pepsin (Sigma, St. Louis, MO), dissolved in 0.1 M
HCl was added so that the pepsin:matrix ratio was 1:10. The matrix was allowed to digest for
48 hours under constant stirring. When completely solubilized, as indicated by the lack of
particles in solution, myocardial matrix was brought to pH 8 through the addition of sodium
hydroxide (NaOH) and 10× PBS, and diluted to 6 mg/mL with 1× PBS. Final solubilized
myocardial matrix was kept on ice until it was used for characterization, in vitro migration
experiments, or gelation in vivo.

2.3. Characterization of myocardial matrix
Solubilized myocardial matrix was analyzed by SDS-PAGE and compared to collagen type I
(BD Biosciences, San Jose, CA). Solutions were run on a Tris-HCl, 12% polyacrylamide gel
(Bio-Rad Laboratories, Inc, Hercules, CA) in Tris/Glycine/SDS buffer (Fisher Scientific Inc,
Hanover Park, IL), with 80 mM reducing agent Dithiothreitol (DTT) (Invitrogen, Carlsbad,
CA). Gel electrophoresis was performed in an XCell Surelock MiniCell (Invitrogen), compared
to a broad range standard, and stained with Imperial Protein Stain (Pierce, Rockfods, IL).

The chemical make up of the myocardial matrix was further characterized for
glyocosaminoglycan (GAG) content using the Blyscan assay (Biocolor). GAG content in the
native solubilized myocardial matrix from four different digestions, from varied batches of
tissue was quantified. Rat tail collagen and collagen from calf skin (Sigma) served as negative
controls.

Gels were formed in vitro by allowing solubilized myocardial matrix to incubate at 37°C.
Scanning electron microscopy (SEM) was used to visualize the structure of the myocardial
matrix gel. Gels were prepared for SEM by fixation with 2.5% glutaraldehyde for two hours,
followed by dehydration with a series of ethanol rinses (30-100%), as is common for tissue
and natural proteins [17,21,22]. Samples were then critical point dried and coated with iridium,
using an Emitech K575X Sputter coater. Electron microscopy images were taken using a
Phillips XL30 Environmental SEM Field Emission microscope.

2.4. In vitro cell studies
Neonatal rat cardioymyocytes were plated onto collagen coated dishes, or gels of collagen or
myocardial matrix to compare cell viability. Cardiomyocytes were harvested from freshly
dissected ventricles of 2 day old Sprague-Dawley rats using an isolation kit (Cellutron,
Baltimore, MD). The initial supernatant was discarded, but the subsequent 20 min digestions
were strained and suspended in Dulbecco's Modified Eagle's Medium (DMEM) (Mediatech
Manassas, VA) supplemented with 17% M199, 10% horse serum, 5% fetal bovine serum (FBS)
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(Gemini Bio-Products, West Sacramento CA), and 1% penicillin/streptomycin. After isolation,
the supernatant was pre-plated onto tissue culture polystyrene dishes to increase purity of
cardiomyocytes through selective adhesion. 50 μL of myocardial matrix or collagen at 6 mg/
mL were allowed to gel by incubation in a 96 well plate at 37 °C for 2-4 hours. Gels were
rinsed in sterile PBS for 20 minutes, and seeded with neonatal rat cardiomyocytes at a density
of 2 × 104 cells per well. For collagen coated plates, tissue culture dishes were coated with
collagen (1 mg/mL) for 1 hr at 37 °C, and rinsed with PBS prior to cardiomyocyte seeding.
Media was changed daily to remove any non-adherent cells. Cell viability was assessed with
a Live/Dead Cytotoxicity stain (Invitrogen, Carlsbad CA).

Migration of human coronary artery endothelial cells (HCAECs) and rat aortic smooth muscle
cells (RASMCs) was assessed, using a Chemotaxis 96-well Cell Migration Assay Kit
(Chemicon, Billerica, MA) as previously described [23,24], to evaluate the chemoattractive
properties of the myocardial matrix as compared to collagen, fetal bovine serum, and pepsin.
HCAECs were purchased from Cell Applications, Inc (San Diego, CA) and cultured in
MesoEndo Endothelial Cell Media (Cell Applications). RASMCs were isolated from 3 month
old Harlan Sprague-Dawley rats, as previously described [25]. Briefly, the aorta was isolated,
dissected free from adventitia, and opened longitudinally. Endothelial cells were rinsed off,
and the aorta was minced into small pieces. These pieces were weighted under sterile cell
strainers in DMEM containing 20% FBS and 1% penicillin/streptomycin. RASMCs grew out
from the explants after 2 weeks, and were then cultured and passaged.

In preparation for the migration assay, cells were serum starved (per manufacturer's
instructions) for 15-17 hours in DMEM, containing 0.5% heat-inactivated FBS with no added
growth factors. The cells were then harvested with trypsin, and re-suspended to 4×105 cells/
mL in serum-free media. The chemoattractant, myocardial matrix, was solubilized and
neutralized as described above. Collagen was also neutralized for the study to be used as
comparison to the myocardial matrix. 10% FBS in DMEM, a known chemoattractant for both
endothelial cells [26] and smooth muscle cells [27], was used as a positive control. As pepsin
was used to digest the decellularized ECM, it was tested alone as a control. Thus, pepsin was
concurrently stirred in 0.1 M HC1 for 48 hours, neutralized, and diluted to match the myocardial
matrix concentration. Manufacturer instructions were followed for the assay, where 150 μL of
the chemoattractant was added into the feeder tray, and 100 μL of cell suspension was added
to the top insert that was separated from the bottom chamber by a 8 μm pore filter. After a 4
hour incubation at 37°C with 5% CO2, the cells that migrated toward the chemoattractant
remained on the underside of the 8 μm porous membrane. These cells were detached, lysed,
stained, and quantified by fluorescence. Fluorescent measurements were performed on a
SpectraMax Plate Reader at 483/535 nm. An increase in fluorescence intensity correlates to
an increase in the number of cells that migrated through the filter.

2.5. In vivo feasibility of myocardial matrix
Prior to proceeding with in vivo studies, the solubilized myocardial matrix was tested for its
ability to be pushed through the 27 gauge nitinol tubing of a Myostar catheter (Cordis), which
is used in clinical trials for cell transplantation into myocardium [28]. Solubilized myocardial
matrix (0.5 mL) at 6 mg/mL was drawn up in a 1 mL Luer Lok syringe and allowed to sit at
room temperature for approximately 20 min before being pushed through the catheter at a rate
of 0.2 mL in 30 seconds.

For in vivo assessment, solubilized myocardial matrix was injected into the left ventricular
(LV) wall of male Harlan Sprague-Dawley rats (375-450 g), as previously described [5,6,29,
30]. Briefly, rats were anesthetized using isoflurane at 5%, intubated, and maintained at 2.5%
isoflurane during surgery. Animals were placed in supine position, an incision was made from
the xyphoid process along the abdomen, and a minimal incision was then made in the
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diaphragm to expose the apex of the heart, leaving the sternum intact. A single injection of 90
μL of solubilized myocardial matrix was then made directly into the LV free wall through a
30 gauge needle. The needle was held at an angle to ensure injection into the free wall and
reduce the possibility of injecting into the lumen. Injection was confirmed by a lightening of
the myocardium at the location of injection. Prior to recovery from anesthesia, animals were
given 0.05 mg/kg of buprenorphine hydrochloride (Reckitt Benckiser Healthcare (UK) Ltd.,
Hull, England), an analgesic. Animals were also given 3 mL of Lactated Ringers (Hospira Inc.
Lake Forest IL) solution for hydration during surgery. A total of eleven rats were injected with
myocardial matrix for this study. All animals survived the injection surgery. To determine how
quickly the myocardial matrix gelled in vivo, rats were euthanized at 30 min (n=2), and 1 hr
(n=2). For assessment of cellular infiltration, rats were euthanized at either 4 hr (n=2) or 11
days (n=5) post-injection.

2.6. Histology and immunohistochemistry
At varied time points after injection surgery, animals were euthanized with an overdose of
sodium pentobarbital (200 mg/kg). Hearts were immediately removed, fresh frozen in Tissue
Tek O.C.T. freezing medium, and sectioned into 10 μm slices. Slides spaced every 0.5 mm
were stained with H&E. To assess the inflammatory response a blinded pathologist compared
myocardial matrix injections to hearts injected with fibrin (11 days post-injection), which is a
well-established and characterized biomaterial. Adjacent slides from the regions with the
largest sections of matrix injection, as identified by H&E, were then used for
immunohistochemistry (IHC). Two slides from each heart removed at 4 hours and 11 days
were examined. Sections were fixed for 1.5 minutes in acetone and blocked with staining buffer
for 25 minutes (0.3% Triton X-100 and 2% goat serum in PBS). Hearts were stained with an
anti-smooth muscle actin antibody (Dako, Carpinteria, CA; 1:75 dilution) and FITC labeled
isolectin (Vector Laboratories, Burlingame, CA; 1:100 dilution), to label smooth muscle cell
and endothelial cell infiltration, respectively, into the injected region. Alexa Fluor 568 anti-
mouse (Invitrogen; 1:2000 dilution) was used as a secondary for the smooth muscle actin.
Sections that were stained with only the primary antibody or only the secondary antibody were
used as negative controls. All sections were mounted with Fluoromount (Sigma). Images were
taken using Carl Zeiss Observer D.1 and analyzed with AxioVision software and Photoshop.
Arterioles were quantified using the following criteria: 1) positive smooth muscle staining, 2)
within the myocardial matrix injection region, 3) having a visible lumen, and 4) diameter ≥
10μm. Long axis and short axis dimensions were averaged to find vessel diameter.

2.7. Statistical analysis
All data is presented as the mean ± standard deviation. For the Blyscan assay, samples were
run in triplicate and results averaged. In the migration assay, each experimental condition was
tested across 3-4 wells. Significance was determined using one-way analysis of variance
(ANOVA) with a Holm's correction for the migration assay data, a two-tailed student's t-test
for all other data, and reported as p < 0.05 and p < 0.001.

3. Results
3.1. Gelation and characterization of myocardial matrix in vitro

The myocardial matrix material was derived through decellularization of porcine ventricular
tissue. Upon completion of decellularization, ventricular ECM was frozen, sectioned, and
stained with H&E, in order to confirm the complete removal of cells. The absence of nuclei
demonstrated the complete decellularization of the tissue, as compared to intact ventricular
porcine tissue (Figure 1). The decellularized ECM was solubilized using pepsin, and after
visual confirmation of the lack of particles in solution, solubilized myocardial matrix was
further characterized to determine the presence of several extracellular matrix components.
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Gel electrophoresis of solubilized myocardial matrix demonstrated corresponding bands to
collagen, as well as the presence of lower molecular weight bands. Thus, gel electrophoresis
revealed additional peptides or ECM fragments, demonstrating the complexity of the
myocardial matrix, as compared to strictly collagen (Figure 2). Moreover, using a Blyscan
assay, the GAG content of the solubilized myocardial matrix was determined to be 23.2 ± 4.63
μg per mg of matrix, while no GAG content was present in collagen.

The myocardial matrix was further characterized, as a gel form in vitro. Solubilized myocardial
matrix remained a viscous liquid on ice or at room temperature (Figure 3A), until gelation was
induced at 37°C (Figure 3B). The resulting gel was a soft solid that required gentle handling.
SEM analysis revealed that the myocardial matrix consisted of a nanofibrous and mesoporous
structure. The re-assembled nanofibers were approximately 40-100 nm in diameter (Figure
3C).

3.2. In vitro cell studies
As a first step towards assessing biocompatibility, we examined the ability of cardiomyocytes
to be cultured on the myocardial matrix gel. We found that cardiomyocytes were able to adhere
and survive on the myocardial matrix for up to 5 days (longest time point tested). Cell viability
was comparable to cardiomyocytes cultured on collagen coated dishes and collagen gels (data
not shown).

Since vascular cell infiltration in vivo will be essential to neovascularization, migration of
vascular cells towards the myocardial matrix was first tested in vitro. A Chemotaxis 96-well
Cell Migration Assay Kit was used to quantify the attraction of HCAECs and RASMCs towards
the solubilized myocardial matrix, as compared to collagen, FBS, and pepsin. The migration
of RASMCs towards the myocardial matrix was significantly greater than all other groups:
collagen, FBS, and pepsin (p < 0.001) (Figure 4). While HCAECs migrated toward the
myocardial matrix, the migration was not statistically greater than the other groups per
ANOVA. However, there is a noticeable trend similar to that of RASMCs (Figure 4). Thus,
the matrix was shown to promote migration of both cell types in vitro.

3.3 Injection and gelation in vivo
To be a clinically relevant injectable material for minimally invasive delivery, the matrix must
be able to pass through a small gauge catheter. Thus, before beginning in vivo studies in a
rodent model, we confirmed that the solubilized myocardial matrix could be pushed through
a catheter that used clinically for endocardial injection into the myocardium. The myocardial
matrix was tested after being maintained at room temperature for 20 minutes, and was
successfully able to be pushed with minimal resistance. After confirming that the solubilized
myocardial matrix was compatible with the Cordis catheter, we demonstrated that it could also
be injected into the LV free wall of a rat through a 30 gauge needle. Animals were euthanized
at various time points post-injection to determine the gelation time in vivo. A fibrous gel was
observed as early as 30 min post-injection (Figure 5), indicating that the myocardial matrix
can be successfully injected into the LV free wall and that it gels in situ. Each of the short time
points confirmed that the matrix was able to gel in vivo (n = 6), in addition to preliminary
studies in test hearts. It is also interesting to note that the structure and porosity of the injected
gel resemble that of the decellularized intact ventricular ECM (Figure 5, inset). At 11 days
post-injection, a blinded pathologist confirmed that the response to the myocardial matrix was
similar to fibrin (TISSEEL sealant) injections. Fibrin sealant was chosen as a control since it
is widely used in various surgeries and tissue engineering applications (including the
myocardium), and is well known to be biocompatible and non-toxic, without inducing chronic
inflammation, foreign body reactions, tissue necrosis or extensive fibrosis [31].
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3.4 Cellular infiltration and neovascularization
After demonstrating migration of vascular cells to the myocardial matrix in vitro and the ability
of the solubilized matrix to form a gel in situ, we sought to determine whether the myocardial
matrix would support vascular cell infiltration and new vessel formation in vivo.
Immunohistochemistry was performed on several sections from the hearts of animals
euthanized at 4 hours and at 11 days post injection, in order to observe cellular infiltration and
potential neovascularization in the myocardial matrix region. Slides were stained for
endothelial cells and smooth muscle cells, the two cell types already demonstrated to
preferentially migrate towards the myocardial matrix in vitro. Each stain revealed little to no
cellular infiltration immediately following injection (up to 4 hours post-injection) (Figure 6A-
C). Endothelial and smooth muscle cell staining indicated the infiltration of both vascular cell
types within the matrix region at 11 days (Figure 6D-F). In addition, arteriole density at 11
days post-injection (52 ± 20 arterioles/mm2) was significantly higher than at 4 hours post-
injection (1 ± 2 arterioles/ mm2), p = 0.02 (Figure 7). As 4 hours is too soon to for a mature
vessel to develop, it is likely that the matrix formed a gel around an existing vessel. Arterioles
with a visible lumen, and diameter larger than 10 μm, were observed at 11 days, indicating
maturity. In addition, several arterioles were >25 μm in diameter. Inaccurate segmentation
prevented reliable analysis of endothelial cells, and thus capillary density was not quantified.
It can be visually noted, however, that capillaries infiltrated the matrix at 11 days (Figure 6F).

4. Discussion
Recent trends in tissue engineering have focused on scaffold materials that are biomimetic,
meaning that they mimic the structure, morphology, chemical cues, and biologic cues of the
natural environment [2-4]. The ECM is a complex combination of fibrous proteins (such as
collagen, laminin, and fibronectin) and hydrophilic proteoglycans that serves to guide cellular
attachment, survival, migration, proliferation, and differentiation [2,3,16,20,32,33]. Thus, to
properly regenerate tissue, an engineered scaffold will have the distinct role of influencing how
cells will organize, proliferate, and differentiate in vivo [2,32]. To fulfill this role, the ideal
scaffold for tissue engineering is one that will provide the proper structural and chemical cues
to allow for cell-matrix interactions that mimic those of the natural microenvironment [2-4].
Materials currently being explored for in situ cardiac tissue engineering do not provide a cardiac
specific extracellular environment [14]. For example, materials have been single protein or
peptide scaffolds such as collagen [7,8], fibrin [5,6], and synthetic self-assembling peptides
[12], which do not mimic the complex ECM. Others have been derived from non-mammalian
sources such as alginate [11], and chitosan [13]. Matrigel [9,10], which provides the most
complex mixture of ECM components, is derived from mouse sarcoma cells and does not
contain the proper mixture of ECM components for any natural tissue. Herein, we demonstrate
the feasibility of a biomimetic injectable myocardial matrix that has been designed specifically
for cardiac tissue engineering.

Several groups have shown the potential of decellularizing tissues such as small intestine, liver,
urinary bladder, blood vessels, dermis, and heart valves through physical, chemical, and
enzymatic methods for a variety of tissue engineering applications [15,16]. For myocardial
applications, urinary bladder matrix and small intestine submucosa (SIS) have been examined
for treating cardiac wall defects and MI [18,19]. However, they have been shown to form
undesirable tissue such as cartilage in the myocardium [19], potentially because they do not
provide cardiac specific cues for cell-matrix interactions in the myocardium. Each tissue has
its own ECM, designed for and secreted by the cells of that tissue, suggesting that there are
tissue-specific interactions between cells and the ECM [16,34]. Recently, a comparison of
decellularized dermal, fat, and sarcoma tissues revealed that ECM composition varies among
tissue and disease [20]. This finding demonstrated that while ECM components may be similar
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across a range of tissues, each tissue has its own distinct combination of macromolecules that
provide the necessary cellular cues [20]. Thus, when designing a scaffold to mimic the ECM
of a particular tissue, it follows logically to utilize the ECM from that tissue when possible.

In this study, we explored the feasibility of an injectable form of decellularized ventricular
myocardial matrix for myocardial tissue repair. While some of the three dimensional structure
is admittedly lost when preparing an injectable form of myocardial matrix, the solubilized
matrix still retains ECM proteins and peptide fragments, as well as glycosaminoglycan content.
These findings demonstrate that the myocardial matrix retained its biochemical components,
as is necessary for cell-matrix interactions [2-4].

In addition to the biochemical composition of a scaffold material, the structural, mechanical,
and degradation properties are of importance [2-4]. Herein, we have focused on the structural
properties. A nanofibrous scaffold allows for a high surface area to volume ratio, thus allowing
for increased cell attachment [35]. To this end, various research groups have focused on the
development of synthetic, natural, and combination materials, fabricated via electrospinning
and other techniques [3,36-38], to use as scaffolds that appropriately mimic the nanofibrous
structure of the natural ECM. While electrospun materials and scaffolds developed ex vivo
provide the nanostructure desired for tissue engineering applications, they often do not lend
themselves to injectable delivery. The myocardial matrix gel self-assembles with nanofibers
of similar diameter to collagen [22], and can be injected directly into the myocardial tissue. It
should also be noted that the nanofibrous structure of the myocardial matrix gel closely mimics
that of a recently developed urinary bladder matrix gel [21]. In addition to a nanofibrous
structure, pore sizes should be of adequate size (> 10 μm) to allow for cellular infiltration and
migration in vivo [3,4]. The pores of the matrix upon injection in vivo are ∼ 30 μm, with a
similar porosity and structure to the decellularized tissue shown here. Although the mechanical
and degradation properties remain to be elucidated, it should be noted that cross-linking
techniques similar to those used for collagen gels [39] can be explored to help strengthen the
mechanical properties of the material, as well control degradation mechanisms and rates. What
we have demonstrated is that while a variety of techniques are being explored to design the
ideal biomimetic material for myocardial tissue engineering, the decellularized myocardial
tissue explored here is able to self-assemble into a nanofibrous and mesoporous structure.

The biochemical properties and structural composition of a tissue engineered scaffold are
important in guiding cell-matrix interaction, including cell migration into the matrix material
[2-4]. The ability of the scaffold to support and promote vascular infiltration is considered one
of the most important requirements of a tissue engineering scaffold material [3,4,40]. This is
of particular importance in the ischemic post-MI environment. A biomaterial itself, or soluble
signals such as degradation products, should thus facilitate repair via recruitment of vascular
cells [3,4]. Herein, we have shown that endothelial cells and smooth muscle cells migrate
towards the myocardial matrix in vitro and form mature vessels with the matrix in vivo. This
result is consistent with studies that have demonstrated cellular migration towards pepsin-
digested fragments of other matrix materials in vitro [3,23,41,42], the migration of endothelial
cells into decellularized matrices ex vivo [43,44], as well as in vivo neovascularization into
cardiac patches made from SIS, bladder matrix, and fibroblast matrix [18,19,45]. While these
patches serve only the epicardial surface of the ventricle, an injectable material has the potential
to promote neovascularization throughout the LV wall. Although several other materials have
demonstrated the ability to promote angiogenesis when injected into the myocardium alone or
with cells [6,12,30], not all materials do this at 1 -2 weeks [12], as is observed with myocardial
matrix. Neovascularization potential of a material is important for both cellular and acellular
approaches, as cells rely on new vessels to provide oxygen and nutrients for survival. Even in
an acellular approach, where a material is injected on its own, neovascularization is essential
to support the cells that infiltrate into the material and for eventual regeneration of the region.
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This study demonstrates the ability of our myocardial matrix gel to attract vascular cells both
in vitro and in a rat model. While a rat model provides an effective means of studying new
materials and their capabilities, before beginning in vivo studies, it was critical to look ahead
to the clinical relevance of developed strategies to treat MI. Cellular cardiomyoplasty is a
technique used clinically [28,46,47], whereby cells are suspended in liquid solutions of saline
or media and are delivered minimally invasively through a catheter into the myocardial tissue.
Therefore, developing scaffolds that are compatible with catheter delivery would eliminate the
need for invasive surgical procedures required for cardiac patch therapies. Several other
materials have been tested in a rat model, but may not translate into large animal models or
human trials because of their inability to be used in a small gauge catheter. Thus, before
beginning in vivo studies, we felt it necessary to confirm that the matrix could be potentially
translated to the clinic for minimally invasive catheter delivery. Solubilized myocardial matrix
remains liquid at room temperature, preventing possible clogging of the catheter, which may
occur with more rapidly gelling materials, such as collagen and fibrin. Thus, the success of our
myocardial matrix material to be pushed through the tubing of a 27 gauge catheter with minimal
resistance, after 20 minutes at room temperature, indicates its potential for clinical translation
as a minimally invasive scaffold for in situ myocardial tissue engineering.

In this study, we set out to characterize an injectable myocardial matrix gel as a myocardial
ECM mimic and determine whether it would meet the criteria of an injectable scaffold for
myocardial tissue engineering. Similar to a previous report [12], we examined this material
first in healthy myocardium, to allow for easy visualization and identification of the re-
assembled matrix in situ. This allowed for distinct identification of the borders of the
myocardial matrix, which facilitated assessment of cell infiltration. Now that we have
characterized this material, and demonstrated its feasibility as an injectable scaffold, with the
ability to gel in situ and promote vascular cell infiltration, future studies will allow us to assess
the potential of the myocardial matrix in post MI rats, as a cellular or acellular scaffold for
myocardial tissue engineering.

5. Conclusion
The results of this study show the potential of an injectable form of myocardial matrix for use
as an in situ gelling scaffold for myocardial tissue engineering. We have successfully
demonstrated the ability of the solubilized myocardial matrix to form a nanofibrous gel in
vitro and in situ, the migration of vascular cells towards the myocardial matrix in vitro, and
the ability of the matrix to promote vascular cell infiltration, including arteriole formation at
11 days post-injection in vivo. In addition, we have shown the clinical potential of this material
for minimally invasive delivery, by pushing the solubilized material through a 27 gauge
Myostar catheter. This myocardial matrix has the potential to advance cardiac tissue
engineering therapies by providing the appropriate biomimetic environment. This study
demonstrates the in vivo feasibility of a naturally derived injectable material that has been
designed specifically to mimic the natural myocardial ECM.
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Figure 1.
Hematoxylin and eosin stained sections of the decellularized myocardial matrix, as compared
to non-decellularized ventricular pig tissue. (A,B) Intact decellularized matrix prior to
lyophilization and milling, at 10× and 40× respectively. (C) Intact porcine ventricular tissue,
prior to decellularization. Scale bars are 100 μm. Note the absence of cells of the decellularized
matrix, as compared to native tissue.
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Figure 2.
PAGE of solubilized myocardial matrix and collagen type I. Note that the matrix is a more
complex mixture of ECM components than collagen, as indicated by several lower molecular
weight bands.
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Figure 3.
Myocardial matrix gelation and characterization. (A) At room temperature the solubilized
matrix was a liquid. (B) At 37 °C, the myocardial matrix self-assembled into a hydrogel, as
indicated by the arrow. Pink media is shown on top as a contrast to the solidified gel. (C)
Scanning electron micrograph of a cross-section of the myocardial matrix gel with nanofibers
approximately 40-100 nm. Scale bar is 1 μm.
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Figure 4.
Vascular cell migration in vitro. Rat aortic smooth muscle cell (RASMC) and human coronary
artery endothelial cell (HCAEC) migration towards solubilized myocardial matrix, collagen,
fetal bovine serum (FBS), and pepsin. Fluorescence Intensity is proportional to the number of
cells that migrated toward each chemoattractant. Both cell types show migration towards the
myocardial matrix. Significance from other groups, as determined by an ANOVA with Holm's
correction, is indicated (*p < 0.001).
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Figure 5.
Hematoxylin and eosin stained section of the myocardial matrix gel within the rat myocardium
30 min post-injection, indicating gelation time in vivo. Arrow denotes area of injected
myocardial matrix. Inserted image is decellularized intact myocardial ECM. Scale bar is 100
μrn. Note the similar structure of the decellularized tissue to the self-assembled gel in vivo.
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Figure 6.
Endothelial and smooth muscle cell infiltration into the myocardial matrix gel, within the rat
myocardium. (A-C) 4 hr post-injection. Note the lack of cells within the matrix. (D-F) 11 days
post-injection. (A,D) Merged images showing endothelial cells (green) and smooth muscle
cells (red). Area of myocardial matrix is denoted by arrows and is surrounded by the dotted
line. (B, E) arterioles only. (C, F) endothelial cells only. Scale bars are 100 μm.
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Figure 7.
Quantification of arteriole density within myocardial matrix at 4 hours and 11 days post
injection into the rat myocardium. Arterioles were counted if they stained positive for smooth
muscle cell actin and had a visible lumen greater than 10 μm. Arteriole density at 11 days post
injection was shown to significantly increase from 4 hours post injection. ( *p = 0.02)
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