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Abstract
Purpose—Demonstrate a novel manufacturing method to generate extracellular matrix scaffolds
from cardiac fibroblasts (CF-ECM) as a therapeutic mesenchymal stem cell-transfer device.

Materials and Methods—Rat CF were cultured at high-density (~1.6×105/cm2) for 10–14
days. Cell sheets were removed from the culture dish by incubation with EDTA and decellularized
with water and peracetic acid. CF-ECM was characterized by mass spectrometry,
immunofluorescence and scanning electron microscopy. CF-ECM seeded with human embryonic
stem cell derived mesenchymal stromal cells (hEMSCs) were transferred into a mouse myocardial
infarction model. 48 hours later, mouse hearts were excised and examined for CF-ECM scaffold
retention and cell transfer.

Results—CF-ECM scaffolds are composed of fibronectin (82%), collagens type I (13%), type III
(3.4%), type V (0.2%), type II (0.1%) elastin (1.3%) and 18 non-structural bioactive molecules.
Scaffolds remained intact on the mouse heart for 48 hours without the use of sutures or glue.
Identified hEMSCs were distributed from the epicardium to the endocardium.

Conclusions—High density cardiac fibroblast culture can be used to generate CF-ECM
scaffolds. CF-ECM scaffolds seeded with hEMSCs can be maintained on the heart without suture
or glue. hEMSC are successfully delivered throughout the myocardium.
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Introduction
Heart failure (HF) continues to be a major public health challenge in the United States and
worldwide. The incidence of HF in the United States is estimated at over 6.6 million people.
HF is the leading reason for hospitalization and accounts for more than 280,000 deaths
annually [1]. Ischemic heart disease is the most common underlying cause of HF [2].
Conventional management for ischemic HF aims to block neuro-hormonal factors through
medical therapy and improve myocardial perfusion through surgical or percutaneous
revascularization. However, a ceiling exists on the effectiveness of these therapies, as they
improve cardiac function but do not restore lost or damaged tissue. Cell-based therapies are
widely being tested to treat refractory ischemic HF but clinical trials have shown only
modest benefit [3–13]. Cell delivery methods include intravenous infusion, intracoronary
infusion and direct intramuscular injection; however, these offer low acute cell retention
within the myocardium [14–20]. Alternatively, an ECM scaffold that is seeded with cardio-
reparative progenitor cells and applied directly to the myocardium may improve local cell
retention and potentially enhance the therapeutic effect.

Numerous ECM scaffolds are being investigated as stem cell delivery devices for cardiac
indications. There are over 28 scaffolds commercially available which are broadly
categorized as synthetic materials [21] [22, 23] and naturally occurring biomaterials such as
ECM obtained from decellularization of heart valves [24–26], skeletal muscle [27], human
or bovine dermis [28, 21], and porcine small intestine [21, 29, 30]. In addition,
manufactured collagen based ECM sponge materials [31, 32] and cell sheets including
MSCs [33–35] fibroblasts [36, 35], myoblasts [35, 37] and cardiomyocytes [35, 38] have
been studied. Typically, ECM scaffolds are surgically positioned on the surface of the heart
using glues or sutures. While these studies generally demonstrate benefit in pre-clinical
models, the optimal ECM remains unknown [39, 32, 31, 40, 35]. Herein, we demonstrate a
novel and reliable manufacturing method for an ECM scaffold derived from cardiac
fibroblasts that can transfer mesenchymal stem cells to the ischemic myocardium, without
the need for sutures or glues.

Materials and Methods
Manufacturing the Cardiac Fibroblast derived Extracellular Matrix (CF-ECM)

Rat cardiac fibroblasts were isolated using previously described methods [41, 42]. Briefly,
male Lewis rats (260–400g) were sacrificed by CO2 asphyxiation, hearts rapidly excised,
atria removed and ventricles placed into ice cold PBS with 1% penicillin/streptomycin.
Hearts were finely minced then placed into 10 mL digestion media (Dulbecco’s Modified
Eagle’s Medium (DMEM), 73 U/mL collagenase 2, 2 μg/mL pancreatin (4×)) and incubated
at 37°C with agitation for 35 min. The digest mixture was centrifuged at 1000×g for 20 min
at 4°C. The resulting cell pellet was suspended in 10 mL of fresh digestion media and
incubated at 37°C with agitation for 30 minutes. The resulting digest was sieved through a
70 μm cell strainer and digest solution diluted with 10 mL of culture media (DMEM, 10%
Fetal Bovine Serum (FBS), 1% penicillin/streptomycin). The cell suspension was then
centrifuged at 1000×g for 20 min at 4°C. The cell pellet was suspended in 16 mL culture
media and plated into two T75 culture flasks (8 mL per flask). The cells were allowed to
attach under standard culture conditions (37°C, 5% CO2, 100% humidity) for 2 hours, then
non-adherent cells removed by washing with PBS, and culture media replaced. Primary
cardiac fibroblast cultures were typically confluent in 4–7 days.

To induce CF-ECM scaffold formation, cardiac fibroblasts from passage 2–3 were plated at
a density of approximately 1.1×105 to 2.2×105 per cm2 in high glucose DMEM + 10% FBS
and 1% penicillin/streptomycin and cultured at 37°C, 5% CO2 and 100% humidity for 10 to
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14 days. The combined cardiac fibroblasts and extracellular matrix were removed from the
culture dish by incubation with 2 mM EDTA solution at 37°C. The resulting cardiac
fibroblast cell sheet was then denuded of cells by incubation with molecular grade water
followed by incubation with 0.15% peracetic acid (PAA buffer) for 24–48 hours at 4°C with
constant agitation. Peracetic acid has been established as an effective decellularizing agent
without obvious deleterious effects on proteins structure, composition or physical
characteristics [43]. The resulting matrix was then rinsed repeatedly with sterile water
followed by PBS (Figure 1A and 1B).

Characterization of CF-ECM
CF-ECM scaffold protein composition and structure was characterized by mass
spectrometry, confocal microscopy and scanning electron microscopy.

Mass Spectrometry—All solutions were prepared fresh just prior to use with HPLC
grade water. CF-ECM scaffolds were suspended in 15 μL 8M urea and then 20 μL of 0.2%
ProteaseMax™ added. The CF-ECM was then dissolved into solution by vortexing and
pipetting. A volume of 58.5 μL of 50 mM NH4HCO3 was added to a final volume of 93.5
μL. The sample was then reduced by adding 1 μL of 0.5 M DTT and incubating at 56°C for
20 minutes. 2.7 μL of 0.55 M iodoacetaminde was added and incubated for 15 minutes at
room temperature in the dark. 1 μL of 1% ProteaseMax™ and 2 μL of 1 μg/μL Trypsin
Gold™ were added and incubated overnight at 37°C. The following day 0.5 μL of
triflouricacetic acid was added to the final concentration of 0.5% to stop the reaction. The
sample was then centrifuged at 14,000×g for 10 minutes at 4°C. 2 μL of sample was injected
onto an Eksigent 2D nanoLC chromatography system and eluted into a Thermo Finnigan
LTQ Mass Spectrometer. The sample was retained on an Agilent Zorbax SB300-C8 trap and
eluted by reverse phase gradient onto a 0.100 mm × 100 mm emitter packed in-house with 5
μm bead 300 Å pore MagicC18 material. Mobile phase solution consisted of a water and
0.1% formic acid aqueous phase and a 0.1% formic acid in 50% acetonitrile:ethanol organic
phase. The gradient ran from 1 to 60 min and from 5 to 35% organic with a 95% wash.
Eluent was ionized by a positive 3000 V nanoESI and analyzed by a Data Dependent triple
play template. The top 5 m/z were selected by intensity, charge state was analyzed by zoom
scan, and MS/MS were performed with wideband activation, dynamic exclusion of 1 for 60
s with a list of 300 m/z and a width of +/− 1.5/0.5m/z, collision energy of 35%, and noise
level of 3000NL. Sequest searches were performed via Bioworks 3.0 using a downloaded
Swissprot database for Rat (Oct 2010) and its reversed sequences. Search parameters
included trypsin digestion, 1 missed cleavage, amino acid length of 6 to 100 with tolerance
of 1.4 da, dynamic modifications of methionine methylation (+14 da) and cysteine
carboxyamidomethylation (+57 da). Results were filtered to less than 5% false discovery
rate, defined by number of proteins identified with reversed sequences divided by the total
number proteins identified minus reversed number, and multiplied by 100 [44].

Confocal Microscopy—CF-ECM scaffolds were fixed in fresh 3.6% paraformaldyde,
embedded in paraffin and sectioned in 5 μm sections and mounted on slides. De-paraffinized
and rehydrated slides were incubated with 0.1% trypsin and sodium citrate heat retrieval was
performed by incubation in 10 mM sodium citrate, 0.05% Tween-20 buffer pH 6 for 60
minutes in an Oster® rice steamer (95–100°C). Slides were blocked with 1% bovine serum
albumin in PBST for 1 hour at room temperature then incubated with primary antibodies (all
antibodies purchased from Santa Cruz Biotechnology) at a dilution of 1:50 and incubated at
37°C for 1 hour. Slides were then washed in PBST and incubated in secondary antibodies at
1:1000 dilution in 1% bovine serum albumin in PBST (all secondary antibodies purchased
from Invitrogen) for 1 hour at room temperature in the dark. Slides were washed in PBST
and counter stained with 1 μg/mL DAPI for 10 minutes then cover slips mounted with
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aqueous mounting media and the edges sealed with quick dry, clear nail polish. Slides were
imaged at the W.M Keck Laboratory for Biological Imaging with a Nikon A1R scanning
confocal microscope or a Leica TCS SP5 II confocal microscope.

Scanning Electron Microscopy—Sample preparation and imaging was carried out by
the Biological and Biomaterials Preparation, Imaging, and Characterization Facility at
University of Wisconsin Madison. Briefly, ECM scaffold samples were diced with a double
sided razor blade to approximately 3 mm2 then fixed in 1% paraformaldehyde, 2%
glutaraldehyde in 0.1M sodium cacodylate buffer overnight at 4°C. Samples were washed
twice in molecular grade water then secondary fixation carried out by incubated with 1%
osmium tetroside (in water) for 30 minutes. Samples were washed twice in molecular grade
water then dehydrated with a series of 10 minute ethanol incubations (30, 50, 70, 75, 80, 90,
95, and 100%) and sieve dried. Samples were then critical point dried in a Tousimis Samdri
780 four times and ion beam sputter coated with 2.5 nm of platinum. Finally, the prepared
samples were imaged on a Hitachi S900 High Resolution Field Emission Microscope.

CF-ECM scaffold to transfer stem cells in vivo to the ischemic myocardium
Myocardial Infarction Model—A mouse model of myocardial infarction (MI) using a
surgical left anterior descending coronary artery ligation was used to demonstrate the
feasibility of CF-ECM application [45]. Immunocompetent C57Bl/6 mice were purchased
from Harlan Laboratories and all procedures were carried out in accordance with protocols
approved by the Institutional Animal Care and Use Committee. Following induction of
isoflurane anesthesia (3%), the mouse was intubated with an 18 gauge catheter and placed
on a mouse ventilator at 120–130 breaths per minute with a stroke volume of 150 μL and
maintained on 2% isoflurane. A left lateral incision through the fourth intercostal space was
made to expose the heart. After visualizing the left anterior descending coronary artery, a
7-0 or 8-0 Prolene suture was placed through the myocardium in the anterolateral wall and
secured as previously described [45, 46]. Coronary artery entrapment was confirmed by
observing blanching of the distal circulation at the ventricular apex. Absorbable sutures were
used to close the ribs and muscle layers. The overlying skin was closed by additional 6-0
nylon or silk sutures, after which mice were recovered.

H9 human embryonic stem cell derived mesenchymal stromal cells (hEMSC) passage 7
were isolated and expanded to demonstrate the feasibility of CF-ECM scaffold stem cell
delivery. Details on the derivation and characterization of these cells are found in reference
[47]. Twenty-four hours post infarction, the mouse was re-anesthetized and the chest
reopened for scaffold placement. CF-ECM scaffolds were seeded with 7.5 × 105 hEMSCs
and incubated for 2 hours prior to transfer to the epicardial surface of the MI area. The CF-
ECM scaffold plus hEMSC were manually transferred and adjusted onto the epicardial
surface of the beating heart using surgical forceps. The chest was left open for 15 min to
observe for any gaping or sliding between the scaffold and heart. Thereafter, the chest was
closed and the animal was recovered. Forty-eight hours after hEMSC loaded CF-ECM was
placed, mice were sacrificed and the hearts were examined.

Biodistribution of CF-ECM scaffold-delivered hEMSCs in the myocardium
hEMSC biodistribution was assessed by 3-dimensional whole heart imaging tracking for
green fluorescent protein expression and by Fluorescence In Situ Hybridization (FISH)
tracking for human centromeres.

3-dimensional whole heart imaging for EGFP+ hEMSCs—Human ESC lines H9
Cre-LoxP (constitutive EGFP expression) were obtained from WiCell (Madison, WI) at
passage 22. Cells were cultured in mTeSR1 medium (StemCell Technologies) on Matrigel
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(BD Biosciences) coated flasks for 3–4 passages without removing differentiated areas.
Differentiated cells were isolated and cultured in MSC growth medium (10% MSC
characterized FBS, MEM non-essential amino acids, alpha-MEM) on tissue culture plastic
until all cells had a fibroblast-like morphology. EGFP+hESMSC exhibited the following
flow cytometry profile: CD14−, CD31−, CD34−, CD45−, CD73+, CD90+ and CD105+ and
could differentiate into adipocytes, chondrocytes and osteocytes.

A male Lewis rat underwent myocardial infarction using the coronary left anterior
descending coronary artery ligation model as described above. Twenty four hours post
infarction, a CF-ECM scaffold was seeded with 7.5 × 105 EGFP+ hEMSCs for 2 hours prior
to transfer to the peri-infarct region. Twenty-four hours after stem cell transfer, the heart was
excised and frozen in a cryo-imaging embedding compound (BioInVision, Cleveland OH).
The entire heart was then imaged in successive 20 mm slices with confocal (Long Pass GFP
filter) and bright field microscopy on an Olympus MVX-10 1X microscope at 0.63×
magnification.. The scan field was 22.796 mm × 16.514 mm and pixel size of 10.232
microns. Co-registered bright field and confocal images were reconstructed to generate a 3-
dimensional whole heart volume.

Fluorescence In Situ Hybridization (FISH)—A commercial FISH kit was used for
hEMSC tracking within the mouse myocardium (Kreatech KBI-60007). Mouse hearts were
rapidly excised, fixed in 3.7% paraformaldehyde for 24 hours and embedded in paraffin.
Short access 5 micron sections of the heart were mounted on pro-bond slides. Slides were
de-paraffinized by baking at 56°C for 4 hours, followed by xylene incubation. Slides were
rehydrated by ethanol series, followed by incubation in 96–98°C Pretreatment Solution A,
then rinsed in water and digested with 200 μl Pepsin Solution for 50 minutes at room
temperature. Digestion was stopped by rinsing in water and incubating in 2 X SSC buffer at
room temp. Slides were dehydrated and 10 μL All Human Centromere Probe (Kreatech
KI-20000R) applied to the sample, sealed with a cover slip and incubated at 80°C for 5
minutes. Slides were then incubated overnight at 37°C. Slides were washed in Wash buffer
II and the cover slip removed then washed in Wash buffer I at 72°C. Finally, the slides were
washed in Wash buffer II, dehydrated and allowed to air dry. Slides were counterstained
with DAPI and a cover slip mounted. Analysis was performed on a Leica TCS SP5 II
confocal microscope. One heart slice per animal was scanned in entirety and the number of
cells and distance migrated from the epicardium quantified.

Results
CF-ECM Scaffold Manufacturing and Protein Characterization

Over 500 CF-ECM scaffolds were successfully and reliably generated during development
and over the course of these studies. For this report, scaffold production was carried out in
circular 40 mm dishes resulting in CF-ECM scaffolds of 15–20 mm in diameter (Figure 1A).
Thickness of the CF-ECM scaffolds varied 50 to >150 μm and was primarily dependent on
cardiac fibroblast seeding density. Seeding densities tested ranged from <5.5 ×104 to greater
than >2.2×105 cells per cm2. Seeding densities of <5.5 per 104 cells/cm2 failed to generate
scaffolds while exceeding 2.2×105 cells per cm2 resulted in premature release of cardiac
fibroblasts from the culture dish. We tested length of culture from 7 days to 21 days and
found that 10–14 days produced the most consistent ECM scaffold. If cardiac fibroblasts
were cultured for <10 or >14 days, the resulting scaffold, if it formed, was thin and fragile.

Protein Composition—CF-ECM scaffolds derived from four different cardiac fibroblast
lines were analyzed. Normalized spectral abundance factor (NSAF) was used to quantify the
abundance of structural extracellular matrix proteins (Figure 2D). Fibronectin (82.1 +/−
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2.2%) was found to be the primary component of CF-ECM with collagen type I (6.7 +/−
0.9% collagen 1A1 and 6.0 +/− 0.7% collagen 1A2) and collagen type III (3.4 +/− 0.08%)
accounting for a lesser proportion of the matrix. Additionally, small amounts of elastin (1.3
+/− 0.5%), collagen types II (0.1 +/− 0.007%), V (0.2 +/− 0.06%) and XI (0.2 +/− 0.2%)
were detected. Additionally, 18 bioactive molecules were identified but could not be reliably
quantified due to low levels (Figure 2E).

Imaging confirmed that the CF-ECM scaffold was composed of mostly fibronectin as well
as smaller amounts of collagen type I, which primarily localized to the surface of the matrix.
Decellularization was confirmed by the absence of DAPI stained nuclei. High resolution
imaging of the surface of the CF-ECM scaffold using scanning electron microscopy
revealed a honeycomb like architecture with occasional residual cardiac fibroblast cell
membrane material (Figure 2A–C).

Feasibility of CF-ECM as a cell transfer device to the ischemic myocardium
A myocardial infarction (MI) model was created in 11 mice. An additional 5 control mice
underwent sham thoracotomy. Premature death occurred due to the thoracotomy with MI in
3 mice, and due to the thoracotomy in 2 of the control mice. Therefore, the results of the
remaining 11 mice which survived to treatment are presented (3 shams, 8 MI). Following
therapeutic transfer, the CF-ECM plus hEMSCs could be easily positioned and adjusted onto
the ischemic area of the left ventricle, without gaps, sliding or tearing in all animals. Lung
color, right ventricular performance, left ventricular performance and inferior vena cava
dimension were visibly unchanged, suggesting no acute left ventricular constriction
(supplemental video 1, Figure 3A). Forty-eight hours after treatment, the scaffold remained
adherent to the epicardial heart surface in approximately the same position as they were
placed (Figure 3B). Close scaffold adherence to the epicardium was confirmed by
hematoxylin and eosin stain (Figure 3C) and immunofluorescent stain for fibronectin
(Figure 3D).

3-D co-registered bright field and confocal whole heart imaging 24 hours after scaffold
placement showed adherence of the scaffold without gaps or tears, and no distortion of the
underlying myocardium. At this early time period, EGFP+ hEMSC cells were detected
predominantly within the CF-ECM scaffold and the epicardium beneath the scaffold (Figure
4A – C, and supplemental video 2).

Using FISH, hEMSCs were detectable in the scaffold after 48 hours (Figure 5A–C).
hEMSCs were successfully transferred to the myocardium in 7 of 8 animals in the MI group,
and 2 of 3 animals in the sham control group. In all 9 animals where stem cell transfer had
occurred, hEMSCs were detected scattered within the epicardial surface and mid-
myocardium underlying the scaffold, with the largest fraction being within the epicardium.
Of note, hEMSCs were detected >500 μm from the scaffold in two animals one in the MI
and one in the sham group (Figure 5D). No differences were detected in hEMSC transfer
between sham and MI animals.

Discussion
We have demonstrated a novel and reliable manufacturing method to generate CF-ECM
scaffolds that can transfer MSCs to the ischemic myocardium. The CF-ECM stem cell
delivery scaffold does not require sutures or glues, does not appear to acutely impair
ventricular filling, does not cause acute toxicity, and has a cardiac derived matrix protein
composition that is homologous to the recipient myocardium.
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Our CF-ECM manufacturing method is simple, scalable and potentially transferable for
clinical applications. Human cardiac fibroblasts are commercially available, highly
proliferative and amenable to culture in large format cell production vessels (i.e.
Bioreactors). This is important as large numbers of fibroblasts will be necessary for clinical
scale production of CF-ECM. Additionally, with the commercial availability of cardiac
fibroblasts, CF-ECM has the potential to be manufactured as an “off the shelf” allogeneic
cell delivery tool or could be personalized by collecting cardiac biopsies and isolating
cardiac fibroblasts from individual patients to create an autologous cell delivery tool.
Customization of the CF-ECM size and shape may be important when delivering therapeutic
stem cells to the site of myocardial injury. Such parameters can be manipulated by simply
altering the size and shape of the culture vessel as well as trimming the CF-ECM to a
desired size and or shape.

ECM appears to provide more than just the structural support for organs and tissue. It is now
widely accepted that organ-specific ECM is synthesized by local fibroblasts to produce
unique combinations of tissue-specific structural proteins and bioactive molecules such as
growth factors [48–52]. It is also a key factor for cell attachment, survival, proliferation,
migration and differentiation [53, 52]. A cardiac fibroblast-derived ECM that can deliver
stem cells may offer unique benefits for cardiac disease applications. For example, the
protein composition of our CF-ECM scaffold appears similar to post MI healing
myocardium, which in humans has been shown to be enriched for fibronectin for up to 28
days post MI [54]. Fibronectin has been shown to recruit endogenous cardiac progenitor
cells following MI [55] and to induce cell proliferation, adhesion, survival and angiogenesis
[56, 57]. In addition, fibronectin is an adhesive protein due to the expression of multiple
binding sites for collagen, fibrin/fibronectin, vitronectin, heparin and cells through a variety
of cell surface integrins [58, 59].

One important aspect of CF-ECM is the incorporation of bioactive molecules. We detected
18 bioactive molecules including growth factors and cytokines that are involved in
important cellular functions such as adhesion, de-adhesion, proliferation and differentiation
[53, 60]. For example, transforming growth factor beta (TGF-βI–III) is bound to collagen and
fibronectin in a latent form and activated by high heat, pH extremes, proteases, chaotropic
agents, integrins and thrombospondin 1 [61]. Following MI, the TGF-β family have been
shown to be involved in regulating cardiac healing, by exerting pleiotropic effects on
inflammatory immune cells, cardiac fibroblasts and cardiomyocytes [62]. Galectin-1 has
been shown to reduce acute inflammation and trigger alternative activation of macrophages
(M2) [63] while Galectin-3 induces neutrophil adhesion and activation as well as being a
chemo-attractant of monocytes/macrophages [64, 65]. Secreted protein, acidic and rich in
cysteine or SPARC mediates early ECM remodeling following MI [66] and has been shown
to increases fibronectin content in the myocardium, which may increase the recruitment of
endogenous stem cells to the area [66, 55]. Finally, Biglycan, a small pericellular matrix
proteoglycan, has been shown to be required for the formation of a stable collagen network
and stabilization of hemodynamics following MI [67]. Many of the bioactive molecules
detected in CF-ECM are pleiotropic and their precise effects under the dynamic infarction
conditions are difficult to predict; however, they likely play a beneficial role in post MI
remodeling and early stabilization of the infarcted tissue.

Our CF-ECM decellularization process does not employ chemical crosslinking which has
implications for healing and immune response [68, 69]. The effects of chemical crosslinking
of bioscaffolds may be potentially detrimental to the tissue healing [70]. Conversely, recent
studies have shown that ECM scaffolds that are not chemically cross-linked promote the
infiltration and activation of anti-inflammatory macrophages (M2) [68, 69, 71]. M2
macrophages are associated with beneficial immune-regulatory, remodeling, matrix
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deposition and graft acceptance [68, 69]. Future studies will focus on the immune response
to CF-ECM specifically the M2 macrophage population within the myocardium and the CF-
ECM.

Clinical trials evaluating the safety and efficacy of stem cells therapy for ischemic heart
disease have suggested that the various delivery approaches are safe; however, treatment
efficacy in terms of improved cardiac function has been mixed [4–13]. A potential reason
may be poor transplanted stem cell retention. Stem cells have been delivered through
intravenous (IV), intracoronary (IC), interstitial retrograde coronary venous (IRCV) and
intramuscular (IM) injections. Acute cell retention for these delivery approaches have
ranged from 20% to <1% within a few hours of delivery [20, 72, 73] [74]. Vascular or
lymphatic wash out or egress, immune rejection, and hostile environment are among the
potential reasons for this observation. Implantable epicardial scaffolds, and our CF-ECM in
particular, may improve transferred stem cell retention by providing a hospitable platform
from which stem cells gradually infiltrate the ischemic myocardium [75, 76].

Currently available biomaterials require suture and or glue to affix the material to the heart
[32, 39, 77–79, 31, 30, 80]. The use of suture may increase damage to the heart and risk
perforation; while glues may reduce the permeation of homing signals to the cells in the
materials reducing the drive for cells to home to injured tissue. Thus, CF-ECMs unique
property of self-attachment to the heart creating a platform from which cells can freely home
to injured tissues, while not risking additional cardiac injury, is unique in the field. In this
study, we did not test the specific nature of this attachment, but we speculate it is initially
due to surface tension while long term attachment may be mediated by fibronectin as
described above. We found that hEMSCs were preserved in the scaffold at 24 and 48 hours
with cells migrating deep within the myocardium by 48 hours post scaffold placement. Cell
migration was observed in the acutely injured and the uninjured myocardium, suggesting
that CF-ECM stem cell transfer is applicable for both acute and chronic cardiac ischemia
conditions.

Several limitations should be acknowledged. This report is primarily intended to
demonstrate a new manufacturing method for deriving cardiac ECM scaffolds that can
safely deliver stem cells to the ischemic myocardium. Therapeutic efficacy of our CF-ECM
stem cell transfer approach or a scaffold only approach cannot be extrapolated based on this
data. In addition, our results are limited to short term retention up to 48 hours, although local
retention efficiency with CF-ECM scaffold stem cell transfer appears to be higher than
published results of other infusion or intramyocardial injection approaches. Finally, the CF-
ECM scaffold was produced using rat cardiac fibroblasts. For clinical translation, future
work will attempt to demonstrate similar manufacturing methods and scaffold properties
using human cardiac fibroblasts.

Conclusion
We have demonstrated a new manufacturing method and characterized the protein
composition of a clinically translatable CF-ECM scaffold capable of efficient acute transfer
of mesenchymal stem cells in a pre-clinical model of ischemic myocardium. Future studies
are required to demonstrate therapeutic efficacy of this approach.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A CF-ECM production method.1B) Representative decellularized CF-ECM scaffold,
approximately 16 mm in diameter.
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Figure 2.
A, Surface staining of CF-ECM scaffold (scale bar = 50 μm). B, Cross section of CF-ECM
scaffold, note the thickness of approximately 150 μm, Fibronectin (green), Collagen type I
(red), DAPI (blue) (scale bar = 50 μm). C, Scanning electron micrograph of CF-ECM
surface (scale bar = 40 μm). Note the absence of DAPI staining in the scaffolds, indicating
the absence of residual cells. D) Protein composition of the CF-ECM scaffold. Note the high
fibronectin content. E) Bioactive molecules identified by mass spectrometry
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Figure 3.
A, CF-ECM at time of placement on the mouse heart (0 h), arrows denote the edge of the
scaffold. B, Attached scaffold after 48 h the beating mouse heart, arrows denote the edge of
the scaffold. C, Hematoxlin and eosin stain of a cross-section of the epicardial surface,
arrows denote the scaffold. Note the absence of gaps between the scaffold and epicardial
surface (scale bar = 100 μm) confirming adherence. D, Immunofluorescent micrograph of an
attached scaffold after 48 hours on the beating mouse heart (scale bar = 100μm). Inset image
denotes the tight attachment between CF-ECM scaffold and the epicardial surface.
Fibronectin (green), DAPI (Blue) (scale bar = 25 μm).
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Figure 4.
A, Long axis view of three dimensional whole heart image reconstructions of co-registered
bright field and confocal images. B) Short axis view approximately half way from apex to
base, C) Short axis view toward apex of the heart. Not the infiltration of EGFP+hMSC into
the epicardial surface just under the patch. Green = CF-ECM bioscaffold seeded with EGFP
+hMSCs, LV= left ventricle.
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Figure 5.
FISH staining for human centromeres (pink), Nuclei (blue) indicates the presence of human
cells within the infarcted mouse heart. Note that cardiomyocytes (purple) are highly
autofluorescent helping to distinguish hEMSCs from myocytes. A, the epicardial surface
with attached scaffold, note the presence of hEMSCs in the CF-ECM scaffold. The dashed
line indicates the interface between the CF-ECM scaffold and the epicardium (scale bar = 50
μm). B, Mid-myocardium with human nuclei (scale bar = 50 μm). C, endocardial surface
with human nuclei present (scale bar = 10 μm). D) Cumulative numbers of human nuclei in
a single heart slice from each animal tested (treated n=8, sham n=3) and the distance from
the epicardial surface the cells were observed. Note that cell transfer was observed in both
MI and sham animals, indicating that hEMSC can migrate in the absence of an injury signal.
Scaffolds were seeded with 7.5 × 105 cells.
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