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Abstract

The performance of implantable biomaterials derived from decellularized tissue, including 

encouraging results with skeletal muscle, suggests that the extracellular matrix (ECM) derived 

from native tissue has promising regenerative potential. Yet, the supply of biomaterials derived 

from donated tissue will always be limited, which is why the in-vitro fabrication of ECM 

biomaterials that mimic the properties of tissue is an attractive alternative. Towards this end, our 

group has utilized a novel method to collect the ECM that skeletal muscle myoblasts secrete and 

form it into implantable scaffolds. The cell derived ECM contained several matrix constituents, 

including collagen and fibronectin that were also identified within skeletal muscle samples. The 

ECM was organized into a porous network that could be formed with the elongated and aligned 

architecture observed within muscle samples. The ECM material supported the attachment and in-

vitro proliferation of cells, suggesting effectiveness for cell transplantation, and was well tolerated 

by the host when examined in-vivo. The results suggest that the ECM collection approach can be 

used to produce biomaterials with compositions and structures that are similar to muscle samples, 

and while the physical properties may not yet match muscle values, the in-vitro and in-vivo results 

indicate it may be a suitable first generation alternative to tissue derived biomaterials.

1. Introduction

When provided with the appropriate cues muscle has a robust capacity for self repair. 

Following mild muscle damage (ex. strains, contusions, and lacerations) cells may be 

injured, but the underlying extracellular matrix (ECM) is largely intact and repair is robust 

[1, 2]. However, when significant muscle volume is lost (trauma or surgical resection) the 

physical and chemical cues provided by the ECM are absent and the defect is instead 

replaced with non-contractile scar tissue [3]. The current standard of care to replace severely 

damaged or missing muscle is the transfer of autologous muscle flaps. Flap transfers have 

been used to reconstruct human forearm, elbow, and shoulder muscles [4–6]. Yet, the 

transfer of muscle tissue is an invasive procedure that causes significant donor site 
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morbidity, and is therefore only rarely indicated. As an alternative to muscle flap transfer, 

scaffolds or similar bulk implants could be utilized to guide skeletal muscle regeneration 

within a defect site.

With this goal in mind, several past and recent research efforts have focused on the 

development of skeletal muscle scaffolds fabricated using synthetic polymers [7–9]. Unlike 

muscle flaps transfers, synthetic scaffolds can be produced in nearly unlimited quantities and 

eliminate the complications associated with donor site morbidity. However, the use of 

synthetic scaffolds for the repair of damaged skeletal muscle has not yet shown clinical 

promise and appears unlikely to replace flap transfers in the clinical setting. A potential 

roadblock to the use of synthetic scaffolding for skeletal muscle repair is the foreign body 

reaction that is directed against all synthetic polymers including degradables. In an effort to 

evade the foreign body response, more recent efforts have shifted away from synthetic 

implants and towards tissue derived ECM that can be remodeled by the body’s own wound 

healing machinery [10–13].

Towards this end, the development of ECM scaffolds derived from decellularized skeletal 

muscle (DSM) tissue has been explored. The multi-molecular properties of tissue derived 

ECM gives these naturally derived biomaterials a level of complexity and remodelability not 

observed with synthetic materials [14, 15]. In fact, significant research effort has been 

focused on mimicking the properties of ECM in synthetics [16–18], suggesting recognition 

of the important role of ECM molecules during the wound healing process. Additionally, 

DSM biomaterials can be produced from allogeneic tissue, thereby eliminating concomitant 

donor site morbidity. Most importantly, the performance of DSM implants for the repair of 

skeletal muscle defects has shown promise. When used for the repair of hind-limb muscles 

in a rat model, decellularized muscle scaffolds were capable of restoring contractile force 

measurements to 85% of pre-injury levels [19]. Similar encouraging regeneration results 

have been reported by others using muscle derived ECM scaffolds [20, 21]. When viewed as 

a whole, the tissue derived ECM repair results suggest that these materials can provide the 

vital cues needed to regenerate volumetric muscle defects. While donated human tissues are 

the current gold standard we suggest that an engineered ECM (eECM) biomaterial that 

provides the appropriate regenerative cues by mimicking many of the key properties of 

DSM is an attractive alternative worth investigation.

To create eECM biomaterials we are exploring methods to farm the ECM that is secreted by 

populations of cells during growth in culture. While methods to collect isolated molecules 

from cells in culture have existed for some time, for example hybridoma cells are routinely 

used to produce antibodies [22], the wholesale collection of cell secreted ECM proteins 

provides a means to create bulk biomaterials. To collect the ECM that cells secrete, our 

group has developed a solvent degradable sacrificial foam fabricated from medical grade 

polyurethane [23]. The scaffold’s are used in a manner that is analogous to the use of 

honeycombs to collect the honey secreted by bees. We have demonstrated that when cells 

are seeded onto the scaffolds and grown in culture they secrete a multitude of ECM 

molecules that accumulate within the scaffolds open spaces. The innovative step is that the 

sacrificial scaffold can be thoroughly dissolved using a water miscible solvent, stripping 

away the synthetic component and leaving behind only the accumulated ECM. The result is 
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a bulk eECM biomaterial comprised of the molecules secreted by living cells. This report 

describes the application of our ECM collection process to create an eECM scaffold 

constructed from the molecules secreted by cultured skeletal muscle cells, as well as 

comparisons of the material to DSM samples.

2. Methods

Decellularized Skeletal Muscle Preparation

Gastrocnemius muscle (n=10) was collected from commercially purchased (Harlan, 

Indianapolis, IN) Sprague Dawley rats (>300g) that had been previously euthanized as part 

of an unrelated study. All animal procedures were performed in accordance with protocols 

approved by the University of Arkansas Institutional Animal Care and Use Committee 

(IACUC). Harvested muscle was decellularized following a published protocol [24]. Tissue 

was rinsed for 90 min in Tris-HCL (10mM, pH 8.0) with 1% EDTA and 10kU/ml aprotinin 

at 4°C with agitation. Samples were then soaked in 1% sodium dodecyl sulphate (SDS) in 

Tris-HCL buffer for up to one week at room temperature using gentle agitation. To remove 

nuclear remnants, samples were incubated for 24 hours in reaction buffer containing 

50U/mL deoxyribonuclease I and 1U/mL ribonuclease A in phosphate buffer saline (PBS; 

pH 7.4) at 37°C with agitation. Samples were rinsed in PBS, (pH 7.4) for 48 hours (4°C) 

with multiple rinses to remove any residual decellularization solution, frozen (−80°C), and 

lyophilized to preserve tissue structure. DSM samples were weighed and yield was 

calculated relative to undecellularized muscle volume (mg/cm3)).

eECM Sample Preparation

Open celled polymeric sacrificial foams were fabricated from a medical grade polyurethane 

elastomer (Tecoflex, Luibrizol, Wickliffe, OH) using a granular sugar templating process 

(see supplemental data). To form the sugar templates, approximately 5g of granulated 

culinary table sugar (sucrose) was mixed thoroughly with 100ul of distilled-deionized (DD) 

water to create a lightly moistened sugar slurry. The sugar slurry was packed into disk 

shaped molds (30mm diameter × 3mm thickness) and incubated at 50°C for 20 minutes to 

remove the residual water and create a hardened sugar template. Polyurethane (PU) pellets 

were dissolved in dimethyacetamide (DMAC) (10% w/v) overnight at 50°C and then 

pipetted into sugar templates. Polymer soaked templates were immersed overnight in a room 

temperature DD water bath, which both precipitated the PU solution and dissolved the sugar 

template. The PU foams were rinsed in DD water at room temperature for 48 hours to 

remove any residual sugar and solvent, frozen (−80°C), and lyophilized for long term 

storage.

Commercial rat skeletal muscle myoblasts (L6, ATCC, Manassas, VA) were expanded in-

vitro following supplier guidelines and seeded onto sacrificial foams at a concentration of 4 

million cells per cm3 of foam. Prior to cell seeding, all sacrificial foams were incubated 

overnight at 4°C in a fibronectin solution (20ug/ml) to facil itate cellular attachment. Cell 

seeded sacrificial foams were maintained in growth media consisting of DMEM-F12 

supplemented with 10% FBS, 1mM ascorbic acid, and transforming growth factor beta1 

(TGFβ1, PeproTech, Rocky Hill, NJ) at a concentration 0.5 ng/ml to accelerate cellular 
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ECM production. Cell seeded foams were maintained in culture for 4 weeks. Cultivation 

conditions utilized during this study were established during preliminary pilot testing (see 

supplemental data). Growth media was exchanged every 48 hours. At the completion of the 

culture period, samples were rinsed in DD water and incubated in DMAC for at least 72 

hours at room temperature to remove the sacrificial PU foam. The solvent was exchanged 4 

times during the 72 hour incubation period, twice on the first day and then daily thereafter. 

The remaining cell derived material was collected, rinsed in DD water, decellularized as 

previously described, and characterized in comparison with DSM samples.

Imaging

DSM and eECM samples (n=5/sample group) were fixed overnight in 4% 

paraformaldehyde, paraffin embedded, and sectioned with a microtome (10um). Sections 

were mounted onto slides, stained with hematoxylin and eosin (H&E), and microscopically 

imaged (100X). Three representative images from each sample were used to measure 

porosity (% open space), pore size (mm2), and pore alignment (average oriented angle) 

using image analysis software (ImageJ) and guided by published techniques [25, 26]. For 

DSM sample image analysis, the direction of muscle contraction (long axis of the 

gastrocnemius muscle) was selected to correspond to an orientation angle of 0 degrees. 

Additionally, bulk eECM and DSM samples, as well as cell free sacrificial foams were 

lyophilized, sputter coated with platinum, and imaged with the aid of a scanning electron 

microscope.

To visualize accumulated ECM proteins within DSM and eECM samples, mounted sections 

were immune-reacted for the presence of collagen type I (αrat collagen 1, mouse IgG1, 

750:1, Sigma, St. Louis MO) and cellular fibronectin (αrat cellular fibronectin, mouse IgM, 

400:1, Sigma, St. Louis MO) followed by incubation with the appropriate fluorescently 

labeled secondary antibodies (500:1, Invitrogen, Carlsbad, CA). Sections were 

counterstained with the nuclear staining reagent DAPI, and then microscopically imaged.

Mechanical Testing

DSM and eECM mechanical properties were measured with the aid of a uni-axial tensile 

tester (UStretch, CellScale, Ontario, Canada) using techniques familiar to our group [27–

29]. Prior to testing, samples (n=4/sample group) were imaged and cross-sectional area was 

calculated using image analysis software (ImageJ, NIH, Bethesda, MD). Hydrated (PBS, 

pH=7.4) samples were deformed at a constant strain rate of 1%/s until failure using a 0.5N 

load cell while the load and displacement values were recorded. For each sample, 

engineering stress versus strain curves were generated from load and elongation data. Strain 

was determined using grip displacement values. From each curve the tangent modulus was 

calculated from a linear fit to the stress-strain curve.

Composition

Collagen content for both DSM and eECM samples was estimated from hydroxy-proline 

concentration. Hydroxy-proline concentration was determined from extracted samples (n=4/

group) using a published technique [30]. Briefly, extracted samples were digested in a 6N 

HCL solution (4 hrs at 110°C) and then neutralized with sodium hydroxide. Digested 
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samples were mixed with a chloramine T solution (1:2) and incubated at room temperature 

for 20 minutes. A dimethyl-aminobenzaldehyde assay solution was added (1:2) and the 

mixture was incubated at 60°C for 15 minutes. During this time a red chromophore 

develops. Chromophore intensity indicates hydroxy-proline concentration. Sample 

absorbance was read at 550 nm using a microplate reader. DSM and eECM values were 

compared against a standard curve, and collagen concentrations were calculated.

To broadly characterize the protein fingerprint, a representative eECM sample was analyzed 

with tandem mass spectroscopy (MS/MS). The sample was washed with 50mM ammonium 

bicarbonate, denatured (Protease Max, Promega, Madison, WI) for 30 minutes at room 

temperature, trypsin (20ng/μl) digested overnight at 37°C, and purified (Ziptip, Milipore, 

Billerica, MA). The MS/MS analysis was performed under the direction of the University of 

Utah proteomic core facility using a hybrid mass spectrometer (LTQ-FT, Thermo Scientific, 

Waltham, MA). Primary peptide molecular mass spectra were acquired by Fourier transform 

ion cyclotron resonance. The sequencing of individual peptide spectra was performed by 

collision induced dissociation in the linear ion trap. Sample proteins were identified by 

comparison of MS/MS measured peptide sequences to a trypsin-cut specific protein database 

(Mascot ver. 2.2.1, Matrix Science Inc., Boston, MA).

In-Vitro and in-Vivo Biocompatibility

A direct contact assay was employed to assess cellular attachment and proliferation upon 

eECM materials. Engineered ECM material islands (diameter = 5mm) were created on glass 

microscope slides. Engineered ECM islands were seeded with skeletal muscle myoblasts 

(L6, ATCC, Manassas, VA) at a density of 5K cells per island. Cell viability was evaluated 

at 2, 5, 7, and 11 days (n= 4 islands/day) using calcein AM (Life Technologies). Five 

representative fields were imaged (100x) from each island and captured digitally. From the 

digital images, average cell confluency (% surface area) was calculated at each time point 

with the aid of image analysis software (ImageJ).

In-vivo host response was examined using a dorsal subcutaneous implant site. In-vivo 

biocompatibility was assayed at short-term (4 weeks) and long-term (12 weeks) time points. 

Mature male Sprague Dawley rats (300+g) were used (Harlan, IN). All surgical procedures 

were performed in accordance with protocols approved by the University of Arkansas 

Institutional Animal Care and Use Committee. Anesthesia was induced using isoflurane (2–

4%) in oxygen. The subcutaneous implant site was surgically exposed through a 2 cm left-

right incision placed 2 finger widths caudal to the scapulae. A subcutaneous pouch was 

created in each animal by blunt dissection. A single DSM or eECM sample was implanted 

into each pouch (approximate implant size 10mm diameter). Incisions were closed using 

surgical adhesive (VetBond, 3M). Following surgery all animals were housed in the 

University of Arkansas Central Laboratory Animal Facility. At the prescribed time-points (4 

and 12 weeks) all animals (n=3/timepoint) were euthanized via inhalation of carbon dioxide. 

The implant site with surrounding soft tissue was harvested, fixed in 4% paraformaldehyde, 

paraffin embedded, sectioned (10um), and stained with H&E. Stained sections were imaged 

and examined for evidence of inflammation and material degradation.
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Oriented eECM Sample Preparation

To explore the affect of sacrificial foam architecture on the structure of eECM material 

collected from it, sugar templates with muscle inspired alignment were fabricated using 

drawn sugar fibers. Culinary table sugar granules were heated to 280°C to create a viscous 

melt, from which elongated sugar fibers were hand drawn (average diameter=0.59±0.2mm). 

Bundles of elongated sugar fibers were packed into molds, saturated with 10% PU solution, 

and incubated overnight in DD water to produce drawn fiber sacrificial PU foams. The 

drawn sugar sacrificial foams (n=6) were seeded with L6 myoblasts (4×106 cells/cm3 ) and 

cultivated for four weeks using standard growth media supplemented with TGFβ1 (0.5 

ng/ml) and ascorbic acid (1 mM). All cultivation parameters were consistent with previously 

described granular sugar sacrificial foam eECM sample preparation. At the completion of 

the cultivation period, the eECM material was collected and material alignment (average 

orientation angle) was determined from image analysis of histologic thin sections (10μm) as 

previously described.

Data Analysis

All data is represented by the mean and standard deviation. Comparisons between DSM and 

eECM material properties (yield, moduli, architecture, and collagen content) as well as 

animal growth rates were evaluated using a student’s t-test. The relationship between culture 

duration and average cell confluency was evaluated with single factor ANOVA. Post hoc 

comparisons were made using Tukey’s test. A standard 0.05 level of significance was used 

for all statistical tests.

3. Results

Bulk eECM samples isolated from myoblast seeded sacrificial foams exhibited a white and 

lacy appearance visually similar to that observed for DSM samples (Figure 1). 

Decellularized rat gastrocnemius skeletal muscle yielded 18.5±5.2 mg of DSM material for 

every cm3 of muscle harvested, a yield value that represents approximately 10% of the 

native skeletal muscle weight. Average eECM material yield using skeletal muscle derived 

myoblast cells was 6.8±1.7mg collected for every cm3 of cell seeded sacrificial foam, or 

approximately 37% of DSM yield values. Both eECM and DSM samples are highly porous 

and defined by a bulk network of cell derived material (Figure 2). eECM materials were 

significantly more porous than DSM materials. On average eECM materials were 21% more 

porous than DSM samples, a finding that is consistent with the differences measured 

between eECM and DSM yield values. The individual fibers within the DSM network are 

generally aligned in an orientation that is consistent with the direction of muscle contraction. 

Alternatively, eECM materials retain a more randomized network structure that is consistent 

with the granular architecture of the open spaces within the sacrificial PU foam from which 

it was collected. Additionally, the average size of the pores within eECM samples was 

significantly smaller than DSM samples.

Both DSM and eECM samples were tough enough to withstand handling and tensile testing. 

Stress versus strain curves for both materials were characterized by a short toe-in region (out 

to approximately 5%) followed by a nearly linear (R2>0.9) increase is stress extending out 
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to failure at approximately 25% for eECM materials and 50% for DSM samples (Figure 3). 

Comparable stress versus strain patterns were observed for each sample tested. Similar to 

material yield results, average DSM sample elastic moduli were three times greater than 

eECM values. The average tangent modulus measured within the linear stress strain region 

was 172±25kPa and 50±24kPa for DSM and eECM samples respectively. The difference 

between DSM and eECM elastic modulus values was statistically significant.

The accumulated eECM material was robustly immunoreactive to both collagen type 1 and 

fibronectin (Figure 4). Although present at measurable quantities within eECM samples, the 

collagen content of eECM samples as determined by hydroxyl-proline analysis, was 

approximately 20% of DSM values. The presence of fibronectin and collagen type 1 as well 

as collagen types III, VI, and XII within eECM samples was also identified via tandem mass 

spectroscopy. The presence of additional eECM proteins including laminin, decorin and 

thormbosponsdins 1 and 2 were also identified via tandem mass spectroscopy.

The eECM samples were cyto-compatible and supported the attachment and in-vitro 

proliferation of cultured myoblast cells. Forty-eight hours after seeding, viable cells covered, 

on average, 8±5% of eECM sample surface (Figure 5). Myoblast cell surface coverage 

continued to increase by approximately 10% for each additional day in culture suggesting 

active proliferation. By five days post seeding, cell coverage increased to 25±10% of the 

eECM sample surface and by eleven days cell coverage had nearly reached confluency (84%

±8%). Cells cultured on eECM materials appeared well spread with morphologies similar to 

that observed for cells seeded onto tissue culture treated polystyrene surfaces, yet unlike 

synthetic polymer surfaces, the eECM material did not require surface treatment to promote 

cell attachment.

All implanted animals tolerated the implantation surgery well and gained weight throughout 

the observation period at a rate (8.6±1.6 grams/week) that was not significantly different 

from un-implanted controls (9.1±1.8 grams/week). At four weeks post implantation, eECM 

materials were well incorporated into the surrounding tissue and host cells had densely 

penetrated the material (Figure 6). The dense cellular penetration into the eECM material 

was suggestive of active remodeling of the implant site. There was no evidence of a dense 

fibrous encapsulation layer surrounding eECM materials nor was there any evidence of 

multinuclear giant cell formation in regions surrounding the implants. By twelve weeks post 

implantation, eECM materials were completely degraded and appeared qualitatively similar 

to no implant controls. No evidence of residual material could be identified in any of the 

implanted animals. There was no evidence of local or systemic toxicity to eECM materials, 

nor any evidence of chronic inflammation at any of the implantation sites.

Sacrificial foam architecture significantly influenced both the amount and structure of the 

eECM collected. While bulk eECM materials were successfully collected from all cell 

seeded drawn fiber sacrificial foam samples tested, the eECM yield (1.8±0.3 mg/cm3) was 

significantly less than that measured for granular sugar foams (6.8±1.7 mg/cm3). However, 

the eECM collected from drawn fiber foams showed strong evidence of material alignment 

with an average dominant oriented angle of 2.8±2°, which is consist ent with the direction 

(designated as 0°) of sugar fiber alignment (Figure 7). The orientation angle was 
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significantly different from eECM materials collected from granular sugar template foams, 

which showed little evidence of network alignment (32±8°). The orientation of eECM 

material collected from drawn fiber foams was more consistent with DSM samples, which 

all had an ECM network closely aligned (11±5°) with the direction of muscle contraction 

(designated as 0°).

4. Discussion

In patients with tissue injuries that require replacement rather than repair, the gold standard 

treatment remains tissue transplantation. Unfortunately, the number of patients that can 

benefit from transplantable tissues is far greater than the supply. For instance, although 

approximately 100,000 cornea transplants are performed around the world each year [31], it 

is estimated that up to 5 million people could benefit from this procedure [32]. Similar 

shortages exist for other tissue types [33, 34]. To meet demand, alternatives to donated 

human tissues must be identified and developed. An engineered approach to the creation of 

biomaterials that mimic tissue has long been considered a viable solution. Towards this end, 

our group is interested in the development of eECM biomaterials that are targeted for the 

repair of damaged skeletal muscle. As a first step towards this goal, we have developed a 

“cellular beekeeping” approach to collect the ECM secreted by muscle cells during growth 

in culture. This bottom-up fabrication strategy is predicated on a basic idea; cells already 

have the necessary machinery to create ECM biomaterials, we just need to develop 

platforms to effectively capture the molecules that they secrete. To guide our development 

efforts, we also measured the chemical, mechanical, and structural properties of skeletal 

muscle ECM prepared using a top-down decellularization approach. These values serve as a 

design template that can be used to make quantitative comparisons between engineered and 

native muscle samples which could then be used to guide next-generation material 

refinements.

A notable difference between the eECM synthesis approach and the collection of ECM from 

skeletal muscle is reduced material yield. Under optimized conditions approximately 7mg of 

eECM was produced for every square centimeter of sacrificial foam seeded with cells, or 

approximately one-third the yield measured from skeletal muscle samples. To improve yield 

the application of mechanical stimulation during cultivation could be utilized to increase 

cellular ECM production, although our experience with mechanical bioreactors suggests that 

only modest improvements would be expected [28, 35]. Rather than enhancing the cellular 

production of ECM during cultivation, an alternate strategy could be improving the retention 

of the ECM that is produced within the sacrificial scaffolds. We recognize that much of the 

ECM secreted by the cells during in-vitro cultivation is not fully captured by the sacrificial 

foams and is instead lost during media exchanges. Within native tissues, cells are embedded 

within the ECM which limits the diffusion of secreted ECM away from the site of 

production. Alternatively, cells in culture are in a unique environment with minimal 

surrounding ECM. To better replicate the in-vivo environment, the creation of a diffusion 

limiting crowded space through the addition of molecular crowding molecules into the 

growth media has been shown to accelerate ECM accumulation by fibroblast cells in culture 

by as much as 18-fold [36]. Another option to limit diffusion is physical encapsulation of the 

sacrificial foams using porous filtration membranes. Appropriately designed membranes 
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would permit adequate nutrient exchange, but would restrict the escape of large (i.e. 

collagen) ECM molecules during media changes. The application of diffusion limiting 

techniques to enhance ECM collection is not just relevant to the eECM synthesis process 

described in this manuscript, but could also be used to enhance ECM accumulation in cell 

based tissue engineering approaches.

Like yield, the modulus of eECM samples was approximately one-third that of DSM 

materials. The difference may be a direct result of the reduced yield and increased porosity 

of eECM materials when compared to DSM samples, but may also reflect fundamental 

differences in eECM and DSM composition and organization that were not revealed during 

characterization activities. Although the values are different, the impact of a mechanical 

property mismatch between eECM and DSM materials on in-vivo regenerative performance 

is potentially minimal. Recently published muscle regeneration results using a minced 

muscle implant slurry suggest that initial restoration of implant site mechanical integrity was 

not required to achieve regeneration [37]. When packed into critically sized rat skeletal 

muscle defects, the finely minced muscle grafts promoted substantial regeneration of 

innervated muscle fibers within the defect site, as indicated by de-novo muscle fiber 

regeneration and improved force production. The minced muscle graft provided negligible 

mechanical restoration, which suggests that the essential design element for successful 

regeneration may not be mechanical, but is instead the stable delivery of key ECM 

molecules and regenerative cells into the defect site. The encouraging skeletal muscle 

regeneration results reported by others using decellularized bladder and intestinal implants, 

tissues with mechanical properties different from muscle, support this hypothesis [38, 39]. 

This suggests that a successful material may primarily serve as a bulking agent or filler that 

provides a stable and cytocompatible delivery platform for the appropriate regenerative cell 

population as well as a reservoir of key wound healing growth factors that are known to 

reside within native muscle tissue. While not measured in this study, we have identified the 

presence of growth factors and signaling molecules within eECM materials derived from 

other cell types [23], and if necessary key molecules could be linked to myoblast derived 

eECM materials prior to implantation [40].

The demonstrated cytocompatibility and proliferative environment provided by eECM 

materials is encouraging. The cytocompatibility results suggest that eECM materials 

described in this study could support not only the infiltration of native regenerative cells 

following implantation, but also the co-delivery of progenitor cells during implantation. The 

successful co-delivery of progenitor cells has been shown to significantly improve the 

functional regeneration of skeletal muscle injuries in not just the minced muscle model, but 

also with DSM and decellularized bladder ECM implants [19, 41]. With these results in 

mind, progenitor cell co-delivery will likely become an integral part of any future eECM 

based regenerative approach. Various progenitor cell sources have been considered, 

including delivery of the same myoblasts used to create the eECM materials. However, the 

most likely translatable approach is the co-delivery of bone marrow derived mesenchymal 

stem cells (MSCs). Bone marrow is a rich source of MSCs that are known to have myogenic 

potential [42] and contribute to the repair process following muscle injury. Additionally, 

MSC delivery could enhance the regeneration of vessels and nerves. With this goal in mind, 
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our preference is to maintain cell “stemness” prior to implantation. Currently, the in-vitro 

results suggest that myoblasts can attach to and proliferate upon eECM materials. The 

potential influence of eECM attachment on differentiation, particularly upon aligned 

materials, is unknown and warrants exploration.

While the importance of implant mechanics on in-vivo performance is unclear, we as well as 

others anticipate that biomaterials with muscle mimetic network alignment might improve 

muscle regeneration by providing the appropriate topographical cues during healing [43, 

44]. With this in mind, we were interested in developing approaches to fabricate eECM 

scaffolds with muscle like structure using the sacrificial foam approach. The ECM derived 

from native muscle tissue is aligned in the direction of muscle contraction and surrounds 

multi-nucleated myocytes that are from 5 to 100um in diameter and can be as long as several 

centimeters [45]. To create eECM biomaterials with muscle mimetic architecture the 

relationship between sacrificial foam structure and the eECM collected within it was 

explored. During early development efforts it was observed that the structure of the eECM 

material that is collected from the sacrificial foams resembles the structure of the foam itself. 

Similar in concept to a molded part, the ECM that accumulates within sacrificial foams takes 

on the architecture of the void space and retains this shape when the foam is dissolved. To 

create foams with muscle mimetic structure, we explored a drawn sugar templating method. 

Instead of using granulated sugar to create sacrificial foams with spheroid pores, drawn 

sugar fibers were used to create sacrificial foams with aligned and elongated muscle mimetic 

pores. As anticipated the eECM collected from these foams retained the aligned and 

elongated pore structure of the once underlying sacrificial foam. This was a notable finding 

and the first we are aware of that demonstrated the in-vitro collection of structured ECM. It 

should be possible to create sugar templates and collect ECM with architectures that mimic 

other structured tissues including vascular, digestive, and urogenital tissue.

The typical approach to create engineered tissues with the appropriate composition is 

through the use of tissue specific cell types (ex. chondrocytes = cartilage). In this study, we 

utilized commercially available skeletal muscle myoblasts, a well accepted cell source for 

skeletal muscle tissue engineering applications that also have a recognized role in the 

production of muscle ECM [46–48]. When grown in culture, myoblasts have been shown to 

produce collagen, GAGs, and other essential tissue proteins, a critical requirement for the 

ECM collection approach utilized in this study [49–52]. Yet, these cells did not produce 

overwhelmingly abundant amounts of ECM. To potentially improve eECM yield, 

alternatives to the myoblast could be considered. A promising alternative is the interstitial 

muscle fibroblast, a cell population that is broadly distributed throughout muscle tissue, can 

be isolated from muscle biopsy in both rats and humans, can be expanded in culture, and 

appears to produce muscle ECM in support of myofibers [53]. In a clinical setting, the 

interstitial muscle fibroblast could be harvested from healthy muscle near or even distant to 

the injury site during a pre-operative biopsy and then expanded in culture to create a patient 

specific eECM scaffold. Yet what is even more attractive is using interstitial muscle 

fibroblasts as a universal cell source for the fabrication of “off the shelf” eECM 

biomaterials. Additionally, interstitial muscle cells have been shown to contain a 
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subpopulation of cells with progenitor potential, and could therefore serve as both a source 

of ECM and cell delivery [38, 54].

In this study rat skeletal muscle ECM was characterized to establish a design template for 

comparison to eECM materials created using rat skeletal muscle derived cells. The use of rat 

muscle tissue and cells were motivated by the eventual animal model testing that is planned 

as the next phase of development. Ultimately, human muscle ECM properties may be 

required to create eECM implants targeted for clinical studies. Whether there are significant 

differences between human and rat muscle ECM properties is unclear, but the obvious 

anatomic and physiological differences between human and rats make differences likely. 

Similarly, muscle location (lower versus upper limb) and gender could influence ECM 

properties. If differences exist, it might suggest that target specific eECM or DSM implants 

need to be considered. Ultimately, the creation of a comprehensive human muscle ECM 

properties library would help guide the development of next-generation eECM materials 

with human ECM mimetic properties.

While we were able to demonstrate the in-vitro fabrication of eECM biomaterials built from 

the ECM collected from muscle derived cells, we recognize that these first-generation 

materials are not equivalent to DSM samples in all areas tested. Most notably, the mechanics 

and yield of eECM materials were significantly below DSM values. While the influence of 

these parameters on in-vivo performance is unclear at this point, the development of eECM 

materials with improved yield and mechanics is still desirable. Potentially, the further 

development of aligned eECM materials could improve mechanical performance. The 

characterization of DSM materials alongside eECM samples provided quantitative insights 

that will allow us to better reverse engineer skeletal muscle ECM. Moving forward, the 

differences between DSM materials and first-generation eECM materials that were 

measured in this study will provide the roadmap to direct future synthesis refinements. 

However, failure to achieve a perfect mimic of native muscle ECM with eECM materials is 

not a roadblock to in-vivo examination efforts. First-generation materials both support cell 

attachment and were well tolerated and actively remodeled by the host, key design elements 

that motivate further in-vivo examination using a peer accepted muscle regeneration animal 

model [55].

5. Conclusions

The key findings of this study suggest that:

1. The extracellular matrix secreted by muscle myoblasts during growth in culture can 

be collected to engineer a biological scaffold.

2. The eECM material contains several key extracellular matrix proteins found in 

native muscle ECM samples, including collagen and fibronectin.

3. While the physical properties of eECM materials are less than native muscle ECM 

values, the samples are durable, can be handled, and utilized as bulk filling 

implants.
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4. The eECM material supports the attachment and proliferation of cells and is well 

tolerated by the host following subcutaneous implantation.

5. The eECM material can be formed into bulk networks with aligned structures 

similar to that observed for native muscle ECM samples

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Representative DSM and eECM samples prepared from either rat skeletal muscle or rat 

skeletal muscle myoblasts seeded onto sacrificial foams respectively (A and B). The eECM 

biomaterials consisted of a highly porous network with a structure that is reminiscent of the 

once underlying sacrificial foam (B:inset). By volume, rat muscle samples yielded three 

times the material of myoblast seeded sacrificial foams (C). (mean±SD; t-test p<0.05 n=6/

sample group)

Hurd et al. Page 15

Biomaterials. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Representative images of H&E stained DSM (A) and eECM (B) thin sections illustrate the 

porous structure, fibrillar features, and network organization. Porosity and pore size 

measurements revealed significant differences between eECM and DSM samples (C and D). 

(mean±SD; * t-test p<0.05 n=5/sample group)
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Figure 3. 
Representative DSM and eECM sample stress versus strain curves (A). DSM sample elastic 

modulus was approximately four fold greater than eECM values (B). (mean±SD; * t-test 

p<0.05 n=4/sample group)
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Figure 4. 
Engineered ECM samples were immunostained to identify the presence of collagen type 1 

(green) and fibronectin (red). The accumulated eECM biomaterial as seen with brightfield 

illumination (A) was immuno-reactive to both collagen type 1 (B) and fibronectin (C). The 

percent collagen content (dry weight) of DSM and eECM samples was estimated from 

hydroxy-proline concentration measurements (D). (mean±SD * t-test p<0.05 n=4/sample 

group)
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Figure 5. 
Engineered ECM material islands (A) supported the attachment and proliferation (B) of 

viable myoblast cells (inset; scale bar =100um). The percent surface coverage was evaluated 

at 2, 5, 7, and 11 days post cell seeding. (mean±SD; * p<0.05 compared to day 2, n=4/

sample group).
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Figure 6. 
Stained (H&E) thin sections collected from control (A) and eECM implanted, 4 weeks (B) 

and 12 weeks (C), Sprague Dawley rats. Engineered ECM biomaterials are observed within 

the dorsal subcutaneous implantation site at 4 weeks (*) but have been remodeled by 12 

weeks in all animals tested (n=3/time point). Scale bar 100μm
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Figure 7. 
The eECM collected from sacrificial foams (A) created using oriented drawn sugar fiber 

templates showed evidence of network alignment, which could be seen in bulk samples (B), 

and within histological thin sections (inset; scale bar=100um). When compared to the eECM 

collected from granular sugar templated foams, oriented sugar fiber eECM samples showed 

a greater degree of network alignment consistent with the direction of sugar fiber orientation 
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(defined as 0°). The network alignment was closer to that observed within DSM samples. 

(mean±SD; * p<0.05 compared to DSM samples, n=4/sample group)
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