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Abstract

The use of decellularized skeletal muscle (DSM) as a cell substrate and scaffold for the repair of
volumetric muscle loss injuries has shown therapeutic promise. The performance of DSM
materials motivated our interest in exploring the chemical and physical properties of this
promising material. We suggest that these properties could serve as a blueprint for the
development of next generation engineered materials with DSM mimetic properties. In this study,
whole human lower limb rectus femoris (n=10) and upper limb supraspinatus muscle samples
(n=10) were collected from both male and female tissue donors. Skeletal muscle samples were
decellularized and nine property values, capturing key compositional, architectural, and
mechanical properties, were measured and statistically analyzed. Mean values for each property
were determined across muscle types and genders. Additionally, the influence of muscle type
(upper versus lower limb) and donor gender (male versus female) on each of the DSM material
properties was examined. The data suggests that DSM materials prepared from lower limb rectus
femoris samples have an increased modulus and contain a higher collagen content then upper limb
supraspinatus muscles. Specifically, lower limb rectus femoris DSM material modulus and
collagen content was approximately twice that of lower limb supraspinatus DSM samples. While
muscle type did show some influence on material properties, we did not find significant trends
related to gender. The material properties reported herein may be used as a blueprint for the data-
driven design of next generation engineered scaffolds with muscle mimetic properties, as well as
inputs for computational and physical models of skeletal muscle.
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1. Introduction

There are currently few options available to surgeons tasked with the treatment of severely
damaged skeletal muscle. Following mild injury (e.g. strains, contusions, and lacerations)
muscle tissue has the capacity for self-repair [1, 2] and surgical intervention is not
warranted. However, when significant muscle volume (>20%) is damaged or lost (trauma,
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infection, or surgical resection) the regenerative capabilities of muscle are overwhelmed,
resulting in the formation of non-contractile scar tissue within the defect site [3]. When
faced with this type of injury, termed volumetric muscle loss (VML), the current standard of
care is the transfer of autologous muscle flaps, or in many instances no treatment at all. Flap
transfers have been used to reconstruct forearm, elbow, and shoulder muscles [4-6]. While
often effective, the transfer of healthy autologous muscle tissue is an extremely invasive
procedure that causes significant donor site morbidity. Skeletal muscle repair strategies that
do not rely on the harvest of autologous tissue warrant exploration.

As an alternative to muscle flap transfer, the use of decellularized skeletal muscle (DSM)
scaffolds for the repair of muscle defects has shown promise. Specifically, the implantation
of cell seeded DSM scaffolds into VML defects has been shown to promote myogenesis and
increase muscle force generation in several small animal models [7]. Decellularized muscle
implants are thought to stimulate muscle repair by restoring lost regenerative cues and
providing a substrate for muscle progenitor cell (satellite cell) myogenesis [8]. The
encouraging outcomes that have been achieved thus far using DSM implants support a
guiding principle suggesting that the properties of native muscle extracellular matrix (ECM)
provide a positive myogenic environment for transplanted cells during the repair of damaged
skeletal muscle. Guided by this principle, the development of readily available “off the
shelf” biomaterials with properties that mimic DSM are an attractive adjunct to tissue
derived DSM scaffolds. Research groups [9-11], including ours [12] have reported the
development of engineered scaffolds with muscle inspired properties.

The accurate recapitulation of the physical and chemical properties of human muscle ECM
is an understandable target for those in pursuit of implantable scaffolds with muscle mimetic
characteristics. Yet, the application and assessment of DSM biomaterials has been focused
primarily on in-vivo host response assays [13, 14], and less so on their key material
properties. The objective of this study was to characterize several key chemical and physical
properties of DSM prepared from whole human skeletal muscle collected from both upper
(supraspinatus) and lower (rectus femoris) extremity muscles. In addition to the collection of
skeletal muscle tissue properties, the influence of muscle harvest location (upper versus
lower limb) and donor gender (male versus female) on material properties was explored.
While location and gender influence the size and physiology of whole muscle tissue, it is not
known whether harvest location and donor gender significantly influences the properties of
the ECM and by extension the DSM collected from skeletal muscle. From the perspective of
the tissue engineer or biomaterial scientist interested in scaffold development, these
differences may be of interest. If only minor differences are detected between muscle
location and donor gender, it would suggest that a single set of measured parameters could
be used to develop a universal design template that closely recapitulates human muscle
ECM. However, if significant differences are detected, then this might suggest that location
and gender specific engineered implants may need to be considered.

While our goal is the creation of a muscle ECM blueprint, the increased exploration of
decellularized tissues by various research groups [15-18] certainly suggests that DSM
biomaterials might serve an important clinical role. Potentially, as has been shown with
commercially available bladder and intestinal derived biomaterials, the ECM derived from
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skeletal muscle may find utility for applications beyond muscle repair. When one considers
that tissue banks rarely if ever collect human muscle tissue, its untapped potential as an
additional source of implantable ECM is attractive. Towards this end, the careful cataloging
of skeletal muscle ECM properties, like that described in this study, may help identify
suitable future applications for this material while location and gender differences could help
influence donor selection criteria. More broadly, these values would add to the growing
library of decellularized tissue properties available to biomaterial scientists and
computational modelers. To sum, the results from this study will provide a comprehensive
set of skeletal muscle ECM material values that could be used to not only guide the
development of muscle mimetic biomaterial scaffolds, but also allow potential users to asses
the suitability of DSM as a surgical repair material.

2. Materials and Methods

2.1 Overview of experimental design

Whole human rectus femoris (n=10; 5 male / 5 female) and supraspinatus (n=10; 5 male / 5
female) skeletal muscle samples were procured from a commercial tissue donation center
(Science Care, Phoenix, AZ). Skeletal muscle samples were decellularized using a published
[19] SDS-based decellularization protocol [19] familiar to our group and previously used to
prepare rat DSM samples [12, 20]. The resulting ECM biomaterial was thoroughly
characterized to determine several key physical and chemical properties. Characterization
tests included:

1. ECM vyield (g ECM / g whole muscle)

2. Collagen content (% wet weight),

3. Glycosaminoglycan (GAG) content (% wet weight)

4, Modulus of elasticity (kPa)

5. Porosity (%)

6. Network Alignment (degrees)

7. Tandem mass spectrometry (qualitative protein fingerprint)
8. ATR-FTIR spectroscopy (chemical bond fingerprint)

9. Degradation rate (% volume loss / week)

Whole and decellularized skeletal muscle sample architecture, surface appearance and
composition were qualitatively characterized using a panel of imaging techniques. The
influence of muscle harvest location (upper versus lower limb) and gender (male versus
female) on each of the key parameters was evaluated.

2.2 Decellularization

Upon arrival, the rectus femoris (RF) and supraspinatus (SS) muscles were stored at - 80°C.
In preparation for decellularization, frozen whole muscle samples were thawed, cleaned of
any residual fat and tendon, weighed, imaged, sectioned into strips or plugs, and batch
decellularized. Samples were soaked in 1% sodium dodecyl sulfate (SDS) with 1% EDTA in
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Tris-HCL buffer (pH 8.0) for approximately two weeks at room temperature using gentle
agitation and multiple decellularization solution exchanges. To remove nuclear remnants,
samples were incubated for 12 hours at 4C in a reaction buffer containing 1 kU/ml DNase/
RNase. Samples were rinsed in PBS (pH 7.4) for approximately 48 hours (4C) to remove
any residual decellularization solutions between each preparation step. ECM yield for each
sample was calculated as the ratio of decellularized sample weight (g) to pre-
decellularization whole muscle sample weight (g). Yield for each samples was measured in
triplicate. Once decellularized, the hydrated samples were either immediately utilized or
frozen (—80C) until needed for testing

2.3 Imaging

Representative whole and decellularized skeletal muscle samples were sectioned with the aid
of a cryostat (CM1860, Leica Biosystems, Buffalo Grove, IL.). Samples were fixed in 4%
paraformaldehyde, sectioned to a thickness of 15um and mounted on microscopic slides.
Mounted sections were permeabilized with 0.1% Triton X-100 and blocked with 4% goat
serum. Slides were immuno-reacted for the presence of collagen type 1 (Sigma-Aldrich,
1:500), chondroitin sulfate proteoglycans (Sigma-Aldrich, dilution 1:500), and cytoskeletal
actin, (Invitrogen, 1:50 dilution), followed by incubation in the appropriate fluorescently
labeled secondary antibodies (Alexa 488 and 594, Invitrogen,1:500). Sections were
counterstained with the nuclear dye DAPI and then microscopically imaged. Additionally,
representative whole and decellularized muscle samples were lyophilized, sputter coated
with platinum, and imaged with the aid of a scanning electron microscope.

2.4 Porosity and Orientation

Decellularized RF and SS samples were incubated in 10% formalin overnight at 4°C,
paraffin embedded and sectioned in either the transverse (across muscle fibers) or
longitudinal (along muscle fibers) direction with the aid of a microtome (5um). Sections
were mounted on microscopic slides, stained with hematoxylin and eosin (H&E), and
microscopically imaged (100X). Two representative images, taken from difference tissue
regions within each sample (n = 8 / muscle type, 4 male and 4 female) were used to measure
porosity (% open space) and ECM network alignment (dominant orientation angle) using
image analysis software (ImageJ) and guided by published techniques [21, 22] used
previously by our group [23]. Porosity and alignment were measured from transverse and
longitudinally sectioned samples respectively. The direction of muscle contraction (long axis
of the RF and SS muscles) was selected to correspond to an orientation angle of 0 degrees.
The measurement of dominant orientation angles close to 0 degrees is indicative of network
alignment in the direction of contraction, while 90 degrees would suggest perpendicularity.

2.5 Biochemical Assessment

Decellularized RF and SS sample collagen content (% dry weight) was estimated from
hydroxy-proline concentration. Hydroxyproline concentration was determined from
extracted samples (n = 8 / muscle type, 4 male and 4 female) using a published technique
[24]. Briefly, extracted samples were digested in a 6N HCL solution (20 hrs at 115°C) and
then neutralized with sodium hydroxide. Digested samples were mixed with a chloramine T
solution (1:2) and incubated at room temperature for 20 minutes. A dimethyl-
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aminobenzaldehyde assay solution was added (1:2) and the mixture was incubated at 65°C
for 25 minutes. During this time a red chromophore develops. Chromophore intensity
indicates hydroxy-proline concentration. Sample absorbance was read at 570 nm using a
microplate reader. RF and SS values were compared against a standard curve, and collagen
concentrations were calculated. Samples were tested in triplicate.

Glycosaminoglycan concentrations of human RF and SS ECM samples (n = 8 / muscle type,
4 male and 4 female) were determined with the Blyscan Sulfated Glycosaminoglycan Assay
Kit (Biocolor Ltd., Carrickfergus, Co Antrium, United Kingdom). Briefly, samples were
digested using a papain extraction reagent method. Samples were digested at a concentration
of 30-40 mg (wet weight) per 1.5 ml of papain reagent at 65°C for 3 hours. Digested
samples and standards were treated with Blyscan dye reagent then treated with dissociation
reagent. Samples and standards were run in triplicate on a ninety-six well plate and read at
an absorbance of 656 nm.

2.6 Mechanical Testing

In preparation for mechanical testing, RF and SS muscle sample (n = 8 / muscle type; 4 male
and 4 female) were thawed at room temperature and sectioned into 3 cm X 0.5 cm strips
aligned in the direction of muscle contraction. Uniaxial tensile testing was accomplished
with the aid of a computer controlled material testing system (5944, Instron, Norwood, MA)
incorporating a 10N load cell. Manufacturer software (Bluehill Lite, Instron, Norwood, MA)
was used to control strain rate and record force/elongation data. The long axis of hydrated
samples (PBS) was aligned in the direction of loading and secured at each end using hand
tightened serrated grips. A gauge length of 2 cm was used for all samples. Two DSM tissue
strips were tested for each sample and then averaged. Prior to tensile testing, samples were
preconditioned using 5 cycles of 10% strain to establish a uniform loading history for all
samples. Immediately following pre-conditioning, each sample was loaded to failure at a
quasi-static strain rate of 10 mm/min. Raw data was collected at a sampling rate of 10 Hz.
For each tissue sample, engineering stress versus strain curves were generated from load and
elongation data. From these curves, the secant moduli were calculated at 10% strain

2.7 ATR-FTIR and Tandem Mass Spectroscopy

The infrared absorbance spectrum was assessed for both rectus femoris and supraspinatus
DSM samples using Fourier transform infrared spectroscopy (FTIR). Infrared spectra were
obtained by FTIR in attenuated total reflection mode (Perkin Elmer). RF and SS samples
were analyzed in the 900 to 1800 cm™1 range with a resolution of 8 cm™1. FTIR spectra were
examined for the presence of amine bond absorbance peaks and compared between muscle
types. To more broadly determine the proteomic composition, representative rectus femoris
and supraspinatus DSM samples were analyzed with tandem mass spectroscopy (MS/MS).
Each sample was washed with 50 mM ammonium bicarbonate, denatured (Protease Max,
Promega, Madison, WI) for 30 minutes at room temperature, trypsin (20 ng/ul) 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 proteomics 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
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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).

2.8 In-vivo Degradation

In-vivo degradation was examined using a dorsal subcutaneous implant site in a mouse
model. In-vivo degradation was assayed at short-term (4 weeks), mid-term (8 weeks), and
longer term (16 weeks) time points (n = 4 / time point). Male outbred mice (CD1, Harlan,
Indianapolis IN) were used for all time points tested. All surgical procedures were
performed in accordance with protocols approved by the University of Arkansas Institutional
Animal Care and Use Committee (IACUC #12026). Anesthesia was induced via IP injection
of a ketamine/xylazine cocktail. 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 disk
(approximate size 9.5 mm x 3 mm) prepared from decellularized RF muscle was implanted
into each pouch. 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, 8, and 16 weeks) all animals were euthanized via inhalation
of carbon dioxide. The implant site with surrounding soft tissue was harvested and imaged.
Implants with the surrounding soft tissue were fixed in 4% paraformaldehyde, paraffin
embedded, sectioned with the aid of a microtome, and representative sections were imaged.
Using both implant site and histological images, implant diameter and thickness was
measured and used to calculate implant volume. Changes in implant volume with time were
used as a metric of DSM degradation.

2.8 Data Analysis

All data is presented as the mean * the standard error of the mean, except for the ages and
weights of each sample, which is presented as mean + standard deviation. The yield,
collagen content, GAG content, elastic modulus at 10% strain, porosity, and orientation
angle were all analyzed with a two factor (muscle type and gender) analysis of variance
(ANOVA). Post hoc comparisons were made using Tukey’s test. A standard 0.05 level of
significance was used for all statistical tests. The half-life was determined from an
exponential curve fit to the DSM pellet degradation data. Age, height, and body mass
difference between genders was evaluated with a two sided Student’s t-test. Significance was
reported for P < 0.05 for all data. All ANOVA analyses were performed using JMP software
(JMP Statistical Discovery from SAS, Cary, NC).

3. Results

The average age (n=20) of all skeletal muscle tissue donors at the time of death was
69.8+ 6.6 years. Female and male donor ages were 65.6+5.8 and 74.0+6.0 years
respectively. Donor ages ranged from a low of 24 years (male) to a high of 98 years
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(female). Although on average male donors were older (8.4 years) than female donors, no
statistically significant differences in donor age were detected between genders (p<0.05).
Similarly, rectus femoris tissue donors (70.0£5.8) were older than supraspinatus donors
(65.8+7.2), yet the age difference (4.2 years) between was not statistically significant.
Skeletal muscle tissue donor demographic data is summarized in Table 1.

The average mass of whole muscle rectus femoris samples (73.1+12.5g) was approximately
300% greater than supraspinatus muscle (25.4+2.5g) samples (Figure 1). The difference in
mass between muscle types was statistically different (p<0.01). Female skeletal muscle
samples were on average significantly smaller than male muscle samples for both rectus
femoris (34% smaller) and supraspinatus muscle (42% smaller) samples. The difference in
muscle weight detected between genders was consistent with the significant difference in
height detected between genders. On average, female donors were 10% shorter than male
muscle donors, yet average body mass index between the two genders was not significantly
different.

Prior to decellularization, both rectus femoris and supraspinatus muscle samples were
characterized by a deep crimson color consistent with the presence of intracellular
myoglobin. Intracellular myoglobin, as well as actin and nuclear remnants were visible
within whole muscle sections (Figure 2). Following two weeks of 1% SDS incubation, all
samples utilized for subsequent characterization experiments had transitioned from opaque
red to a translucent off-white color consistent with the appearance of decellularized facial
muscle described by others [14]. Representative decellularized skeletal muscle samples
(examined for each muscle type) were no longer immuno-reactive to either myoglobin or
actin. Furthermore, DAPI-positive cell nuclei could not be qualitatively detected within
images collected from decellularized tissue sections and quantitative DNA values (4.8+0.5
ug/mg of decellularized tissue) were well below the concentration threshold (50-70 ug/mg)
reported by others [25, 26].

On average, 20.3+2.6 mg (dry weight) of ECM was collected for every gram (wet weight) of
whole muscle following decellularization. Rectus femoris and supraspinatus samples yielded
21.4+3.9 mg and 19.1+3.7 mg of ECM respectively (Figure 3). Average ECM vyield was not
significantly different between muscle types. Average female muscle ECM vyields were
consistently higher for both rectus femoris (61% greater) and supraspinatus (25% greater)
samples, however the difference between male and femoale was not statistically significant.
The range between the lowest (8.0 mg) and highest yielding samples (39.8 mg) was five-
fold, suggesting a notable amount of variability between donors.

When viewed in both longitudinal and transverse cross sections, all decellularized muscle
samples were characterized by a porous yet interconnected network, with pore locations
consistent with the location of once-present muscle cells (Figure 4). Both rectus femoris and
supraspinatus samples were highly porous with average porosities of 79+5% and 74+3%
respectively. Porosity values ranged from a low of 43% to a high of 88%. No differences in
average porosity were detected between muscle types or genders. When viewed
longitudinally, sectioned samples (Figure 5) showed evidence of material network alignment
in the direction of muscle contraction (defined as zero degrees). The dominant orientation
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angle averaged across all samples was 12.+1.4 degrees. The orientation angle was within 16
degrees of the direction of contraction for all samples tested. Orientation angle values ranged
from a high of 16 degrees to a low of 6 degrees. No differences in network alignment were
detected between muscle types, however the average orientation angle measured from male
rectus femoris samples was significantly closer to the direction of contraction (7.6+1.4
degrees) when compared to female rectus femoris values (11.4+0.7 degrees). Similar
differences were not observed in supraspinatus female and male samples (12+1.8 degrees
versus 15+4.7 degrees).

Both rectus femoris and supraspinatus samples were strongly immunoreactive to antibodies
directed against collagen type 1 and CSPG (Figure 6). The average collagen content for all
samples was 21.1% of material dry weight, and range from a low of 9% to a high of 32%.
The collagen content of rectus femoris samples (28.7+5.7%) was twice as high
supraspinatus samples (13.6+£1.9%). The difference was statistically significant. No
differences in collagen composition were detected between genders. The SGAG content
average across all samples was 4.3+0.3% or approximately 20% of the collagen content. No
statistically significant differences were detected when gender and muscle type were
examined. SGAG concentrations for all samples tested ranged from a low of 2.1% to a high
of 5.7%.

Decellularized skeletal muscle samples were durable and amenable to handling and tensile
testing. Stress-strain curves were characterized by a short toe-in region (out to about 5%)
followed by a nearly linear increase in stress extending out to failure which occurred at
approximately 75-125% (Figure 7). Similar stress versus strain patterns were observed for
each sample tested. The average tan modulus at 10% strain was 218+41 kPa for all muscle
types and genders combined. The tan modulus at 10% strain ranged from a low of 50 kPa
(male supraspinatus) to a high of 527 kPa (female rectus femoris). The average rectus
femoris elastic modulus was significantly greater than supraspinatus samples. On average,
the rectus femoris tan modulus (299+50 kPa) was 95% greater than supraspinatus muscle
(15748 kPa) samples. No significant differences in samples modulus were detected
between genders.

Absorbance spectra for rectus femoris and supraspinatus DSM samples contained distinct
peaks at locations that are indicative of primary, secondary, and tertiary amines within the
ATR-FTIR spectra of all samples (Figure 8). Similar peaks have been observed within the
ATR-FTIR spectra of human tissues including articular cartilage [27, 28]. There were no
notable differences in the spectra between samples. Eighteen extracellular matrix proteins
were identified within material samples using tandem mass spectrometry. The structural
ECM proteins that were identified included both fibrillar (type I, 111), and fibrillar associated
(type IV, VI and XII) collagens, as well as the structural proteoglycans decorin, biglycan,
and lumican. Several multifunctional matrix glycoproteins were also identified including the
cell adhesive proteins fibronectin and laminin. The pro-angiogenic growth factor vascular
endothelial growth factor was also identified within DSM samples.

All animals tolerated the implantation surgery well and gained weight at a rate (0.8 g/week)
that was consistent with control animals. The average implant volume (mm3) was calculated
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at 4, 8, and 16 weeks using measurements obtained from gross surface (implant diameter)
and historical cross section (implant thickness) images (Figure 9). All animals reached their
respective implantation endpoints without complication (n=4 / endpoint). At four weeks,
implanted ECM pellets were well incorporated and clearly visible within the subcutaneous
space. While signs of mild active inflation could be observed (redness surrounding the
implant), there were no signs of tissue necrosis or exudate (pus) accumulation at the implant
site. At 4 weeks, implanted pellets had lost on average 67% of their pre-implantation
volume. By eight and sixteen weeks, implant volume was further reduced to 92% and 97%
respectively, when compared to pre-implantation volume. At sixteen weeks, residual implant
fragments were observed in 3 of the 4 animals. The implant could not be detected in 1
animal. The implant volume degradation profile was well described by exponential decay
(R2=0.92). From the exponential decay curve fit, an implant half-life of 2.9 weeks was
calculated. A summary of all DSM properties collected is provided in Table 2.

4. Discussion:

Over the past decade, a steady shift has refocused development efforts away from synthetic
scaffolds and towards scaffolds derived from decellularized tissues that can be remodeled by
the body’s own wound healing machinery [29-32]. Their biomimetic composition and
architecture gives these naturally derived biomaterials a level of complexity and
remodelability not observed with synthetic materials [33, 34]. To our knowledge, the DSM
data measured in this study is the first to explore and compare the larger muscles of the
extremities as well as gender effects. The DSM materials prepared during the course of this
study were collected with the goal of providing a quantitative set of muscle specifications
that would help guide the development of next generation scaffolds with muscle mimetic
properties. However, the DSM material itself has qualities that appear make it a suitable
implant for tissue repair and augmentation. When considering the potential clinical use of
DSM materials, the findings of this study indicate that human muscle, although cell-dense,
can be thoroughly decellularized, removing both intracellular proteins and DNA, to create
robust scaffolds. By all indications, the material is rich with ECM molecules, porous,
organized, and sufficiently robust to withstand surgical handling and implantation. When
combined with the subcutaneous implantation results that indicate DSM is readily
biodegradable through natural wound repair mechanics, the collective findings support
future investigation of DSM therapeutic applications.

The selection of the key properties explored in this study is not exhaustive, but do capture
the fundamental mechanical, compositional, architectural, and biodegradation properties of
native skeletal muscle ECM. In additional to guiding scaffold development, these properties
could also prove to be of value to groups interested in the development of skeletal muscle
computational models including recent growth and remodeling approaches that utilize tissue
ECM parameters during model development and validation [35]. The data could also be
used to help guide the development of physical models. Realistic shoulder cuff or lower limb
models could be used as hands-on training aids for health care providers learning
arthroscopic shoulder procedures or trauma repair techniques. It is generally difficult to
provide live human training experiences; as a result it is common during the early training
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period to utilize realistic anatomical models [36]. We believe a realistic model that
incorporates actual tissue properties could have significant clinical utility as a training tool.

The selection of the rectus femoris and supraspinatus muscle samples collected form the
lower and upper extremities respectively, was motivated by the anticipated clinical target for
future muscle regenerative scaffolds. In recent military conflicts involving American
military personnel the majority of injuries that required hospitalization and transport from
the theater involved orthopedic injuries to the extremities. While advances in body armor
have significantly improved torso and head protection, the exposed extremities remain
vulnerable to the effects of improvised explosive devices and other battlefield explosives.
The most severe injuries present in the form of blast injuries, which typically involve the
destruction of large segments of bone, muscle, tendon, cartilage, and other musculoskeletal
tissues. The definitive care of these devastating blast injuries both in the acute and now
chronic setting would benefit from regenerative biomaterials that can repair or replace
musculoskeletal tissues lost to trauma. As the military evolves, and the participation of
female soldiers in combat situations increases, an improved understanding of how gender
may affect musculoskeletal tissue properties could prove valuable.

The development of shoulder muscle regenerative scaffolds would have broad utility within
the general population. Degeneration of shoulder muscle is a significant contributor to
shoulder cuff surgery failure. The standard surgical treatment for damaged rotator cuffs
(400,000 surgeries / year) is reattachment of the torn tendon(s) to their original bony
insertion sites on the humerus. Despite significant progress with arthroscopic techniques and
improved fixation devices, rotator cuff surgery failure rates, reported to be around 30-35%,
remain troublingly high [37-39]. The pathological degeneration of shoulder muscle that
occurs in patients with rotator cuff tears is a contributing factor to the high failure rate [40].
The muscles of the rotator cuff undergo progressive and predictable fatty degeneration (also
termed fatty infiltration) following tendon tear [41, 42]. While traditional devices (sutures
and suture anchors) and biologics have been developed to address the torn tendonous portion
of the damaged rotator cuff, there are currently no effective methods to regenerate fatty
infiltrated muscle. Fatty infiltration is a well-recognized but currently unaddressed
pathological condition that limits the success of rotator cuff surgery [43-45]. Reconstruction
of rotator cuff muscle using muscle flap transfers has been considered, but not yet performed
to our knowledge, likely out of concern for the morbidity that would result. Clinically, we
envision a surgical approach wherein the damaged muscle belly would be reconstructed
using a muscle regenerative implant. To our knowledge there have been no attempts to
develop materials targeting the reconstruction of damaged rotator cuff muscles. Even a
modest reduction to the failure rate could eliminate tens of thousands of repeat procedures
and greatly reduce rotator cuff related health care expenses.

While female whole muscles samples were on average significantly smaller than male
muscles, a finding that is consistent with known gender differences in muscle mass [46],
gender did not significantly influence most of the key DSM properties measured in this
study (alignment was significantly different). Although not statistically significant, there
were gender related trends that warrant discussion. Namely, for both supraspinatus and
rectus femoris samples the DSM vyield was greater for female subjects. Female skeletal
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muscle yielded, on average, 40% more DSM than male samples, potentially suggesting a
denser ECM network within female patients. This finding is consistent with our data
indicating that female DSM samples were less porous than male samples, although the
differences were not statistically significant. Published data indicating that female muscle
fiber diameter is smaller than males may also help explain a finding of increased yield [47].
The smaller, more densely packed muscle fibers in females would correspond to a more
densely packed network of ECM sheaths that surround each fiber. The lack of gender
specific differences, would suggest certain properties of muscle ECM have such critical
importance that they are conserved between genders. Among the properties explored, the
alignment and composition of DSM showed the most consistency between male and female
samples. Average dominant orientation angle and compositional values (collagen and
SGAG) for male and female samples were each within 25% of each other. Of note, this is the
first study we are aware of to explore gender differences for human decellularized tissue
biomaterials. While we found no significant differences, it may be valuable to know whether
gender differences exist for other decellularized tissues.

The alignment in the direction of contraction measured for both muscle types and across
gender is not by itself unexpected, but as previously mentioned suggests the physiological
importance of alignment and supports the exploration of ECM network alignment as a key
factor within the design of muscle mimetic regenerative scaffolds We, as well as others,
anticipate that scaffolds with muscle mimetic network alignment will improve muscle
regeneration by providing the appropriate topographical cues during healing [48, 49]. In
whole muscle, ECM surrounds and supports multinucleated myofibers which are highly
aligned in the direction of muscle contraction. The individual fibers range from 5 to 100 um
in diameter, and can be as long as several centimeters [50]. In-vitro models indicate that
muscle progenitor cells utilize alignment cues during myogenesis [51, 52]. Similar
alignment-sensitive responses have been reported for other cells, including cardiac muscle
and tendons [53, 54]. Yet, while the many in-vitro alignment studies support the motivation
of aligned regenerative scaffolds, we recognize that in-vivo evidence indicating that scaffold
alignment is critical to muscle implant success does not exist. The lack of in-vivo data
supporting the importance of scaffold alignment in muscle regenerative therapies would
appear to motivate future studies.

The effect of muscle location on each of the key material properties was observed as
differences in DSM modulus of elasticity and collagen content. On average, rectus femoris
samples were twice as stiff and contained twice as much collagen as upper extremity
supraspinatus samples. The relationship between collagen content and moduli seems logical,
as collagen is a key load-bearing and force-resisting ECM constituent within
musculoskeletal tissues. The large forces that are generated by the weight-bearing muscles
of the lower extremity may explain the modulus differences we measured. During exercise
these forces can exceed several thousand newtons [55]. It may also point to differences in
the displacements that each muscle must undergo during shoulder and knee joint motion.
The decreased moduli recorded for supraspinatus muscle could be necessary to
accommodate the complex multi-degree of freedom rotations that the shoulder joint
undergoes during movement and in particular during overhead activities in which the
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tendons and muscles of the shoulder cuff impinge upon the acromial arch [56]. Under these
punishing physiological conditions increased tissue compliance may help avoid injury.

The average DSM modulus values for both muscle types tested in this study fall below the
values reported for other decellularized tissue scaffolds, including commercially available
porcine intestinal and bladder tissue [57, 58], but are similar to values reported for facial
DSM material [14]. The importance of accurately matching scaffold modulus values to
native muscle tissue during VML repair has not been investigated, but in-vitro studies have
shown that muscle progenitor cells sense and respond to substrate stiffness. Muscle
progenitor cell myogenesis is significantly enhanced when grown on soft substrate and
reduced on stiff substrates [59, 60]. Similar cell-substrate stiffness interactions have been
noted for other cells including cardiomyocytes [61]. The DSM moduli values measured in
this study are on average an order of magnitude below the values reported for common
degradable scaffolding materials including PLGA and PCL [62]. This would suggest that if
substrate stiffness is an important myogenic factor, then these traditional materials when
used as scaffolding might not maximize myogenic potential.

While often explored for synthetic polymers, the degradation rate of ECM scaffolds is
frequently overlooked. Understanding the degradation rate of a scaffolding material is
meaningful in light of research that suggests that degradation rate can influence regeneration
[63]. In this study, the in-vivo degradation rate of the human skeletal ECM, measured as the
half-life, was evaluated using a subcutaneous implant in a mouse model. The degradation
rate of human muscle ECM samples measured in this study (2.9 weeks) appears closely
tuned to the regeneration rate observed for healing skeletal muscle following injury. In
separate animal model experiments, groups have shown that following muscle injury, new
myofibers repopulate about 25% of the injured area at two weeks and up to 75% at four
weeks [64, 65]. While it is not clear whether the degradation rate of subcutaneously
implanted muscle ECM, the value measured in this study, is an accurate predictor of
degradation when implanted into a muscle defect, it does provide a comparative baseline
value for future muscle regenerative materials. What is notable are the differences in
degradation rate between the muscle ECM and common synthetic degradables. Pure PGA
and PLGA copolymers scaffolds degrade quickly in-vivo, with half-lives under two weeks,
while PCL polymers degrade very slowly, taking several years to degrade [66, 67]. When
taken as a whole, the steady degradation of the skeletal muscle pellet observed in this study
suggests that it is amenable to remodeling via the body’s own wound healing machinery.

The age of the tissue donors utilized in this study may have influenced the quality of the
DSM collected. The advanced age of the tissue donors (average age = 70 years) used in this
study is a common limitation associated with studies that utilize donated human tissue. Most
young donors meet the criteria for transplantable tissue donation and therfore research tissue
collected from young donors is exceeeding rare. So while the age limitation is difficult to
avoid, it is improtant to understand how age may affect the properties of the ECM collected
from human skeletal muscle. Like most tissues, skeletal muscle is known to change with
age. A noticable change is an overall decrease in muscle mass as we age. As human age,
skeletal muscle fibers begin to decrease in diamater [68] a conditional termed sarcopenia. As
a result, muscle cross sectional area and overall muscle mass decreases with age. The
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decrease in overall muscle mass would most likely influence the ECM content within each
muscle, potentially resulting in less available ECM from older donors when compared to
younger donors. In addition to overall changes in mass, aging has also been shown to
increase both the elastic modulus and collagen content of muscle ECM [69, 70]. These age
related changes would suggest that the modulus values and collagen values we measured
may overestimate the propeties of DSM samples collected from younger donors.

The range of values observed for each of the properties was often large. For example, four-
fold differences were measured between the high and low collagen content within the male
rectus femoris sample group, whereas average differences between males and females as a
whole were more modest (20%). Overall, this certainly seems to suggest that differences
observed between individuals within a sample group exceed the differences observed
between populations within sample groups. This is common within human data, suggesting
patient-specific, rather than population-specific, tissue properties need to be considered if
the guiding principle about the importance of mimetic scaffolds is valid. The concepts of
personalized medicine has become central to the rethinking of cancer treatment and varous
other medical therapies [71, 72] and could similalry become important within the field of
regenerative medicine.

We also recognize that the in-vivo regeneration of skeletal muscle involves several cell
types, including macrophages and interstitial fibroblast cells, that have the ability to degrade
and remodel an implantable scaffold [73, 74]. From that viewpoint, it has been postulated
that the material properties at the time of implant need not mimic muscle since the body has
the ability to reorganize the matrix to the desired final state. This may be true, as others have
reported succesful muscle repair using decellularized tissue other than muscle, including
significant work by Badylak and his group [9, 75]. We recognize this possibility and present
this data not to displace alternative muscle regeneration strategies, but instead to provide a
starting point for the development of adjunct materials. In light of the challenges that still
exist for the sucessful treatment of VML injury, the exploration of multiple repair strategies
is still warranted.

5. Conclusions

The key findings of this study suggest that:

1. Decellularized muscle materials are robust with and contain a rich assortment of
ECM proteins.

2. Donor gender did not broadly affect the key DSM material properties measured
in this study.

3. DSM material prepared from lower limb muscles (rectus femoris) was less
elastic and more enriched in collagen than materials prepared from upper limb
muscles (supraspinatus).

4, DSM materials prepared from both locations and genders were highly aligned in
the direction of contractile force generation.
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5. DSM materials biodegrade at a rate that is consistent with the reported
regeneration of damaged muscle.

6. These findings are the first to extensively explore the key chemical and physical
properties of human DSM materials prepared from extremity muscles. This novel
data could help guide the data-driven development of next generation VML
regenerative materials with muscle mimetic properties.
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Figure 1:
Representative whole human rectus femoris (A) and supraspinatus (B) muscle samples.

Lower extremity rectus femoris muscles were approximately 5 times (The manuscript says
3, the graph looks closer to 3) the mass of shoulder cuff supraspinatus muscles (C). Both
rectus femoris and supraspinatus muscles collected from female donors were approximately
two-thirds the mass of male muscles.
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Figure 2:
Whole muscle tissue samples were characterized by a deep red color consistent with the

presence of the intracellular iron-binding molecule myoglobin. Following decellularization
treatment, myoglobin was no longer visualized and samples had transitioned to an off white
color. When viewed microscopically, whole muscle tissue samples (C) were strongly
reactive to molecules directed against actin (red) and nuclei (blue). Following
decellularization actin and nuclei reactivity could not be detected in any of the samples
tested.
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Figure 3:
Lyophilized bulk DSM samples viewed macroscopically (A) and in magnified SEM images

(B) illustrate the surface architecture, porosity, and evidence of network alignment (left to
right). On average, approximately 20 mg of DSM material was collected for each gram (wet
weight) of whole muscle tissue (C).
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Figure 4:
Histological transverse thin sections (5um) were characterized by a porous yet

interconnected network with circular pore structure (A). DSM sample porosity (average =
76.5 £ 3.2%) was consistent across muscle types and genders (B).
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Figure 5:
Histological longitudinal thin sections (5um) of DSM samples were characterized by an

aligned network of ECM material oriented in the direction of muscle contraction (arrow)
Both rectus femoris and supraspinatus DSM samples showed similar levels of alignment,
while within the rectus femoris samples there was a trend towards increased network
alignment in female DSM samples (ANOVA; p<0.05)
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Figure 6:
DSM samples were immunostained to identify the presence of collagen type 1 (green) and

CSPG (red). DSM samples, as seen with fluorescent illumination were immuno-reactive to
both collagen type 1 (A) and CSPGs (B). The percent collagen content (dry weight) and
SGAG content (wet weight) of DSM samples was estimated from hydroxy-proline (D) and
dimethylmethylene blue concentration (C) measurements.

J Mater Sci Mater Med. Author manuscript; available in PMC 2018 November 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Wilson et al.

A 160

120

Stress (kPa)
g

&
o

o

50

40

30

20

Stress (kPa)

10

Page 25

Rectus Femoris

)
*

500

400

300 -

50 100 150 200 250
Strain (%)

Supraspinatus 200

100 -

Modulus at 10% Strain (KPa)

L) A
Z ‘-'bd,, S,
® B,

50 100 150 200 250
Strain (%)

Rectus Femoris = Supraspinatus

Figure 7:
Representative stress (kPa) vs. strain (%) curves for DSM samples prepared from rectus

femoris (A) and supraspinatus muscle samples (B). Average modulus of elasticity (kPa)
values were calculated at 10% strain for each of the samples tested. (* muscle location
ANOVA p<0.05)
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Figure 8:
Representative FTIR spectra collected from supraspinatus and rectus femoris DSM samples.

Telltale amine peaks (open arrows) were observed within the FTIR spectra for both muscle
types. No differences in the spectra were noted. Spectra are offset for clarity.
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Figure 9:
DSM muscle pellets (A: inset) were subcutaneously implanted into outbred male mice (A).

DSM implants and surrounding tissue were harvested at 4, 8, and 16 weeks (n=4 / time
point). Measurements taken from microscopic images (B, C, and D) were used to calculate
residual muscle pellet volume at each time point. Pellet degradation was modeled by an
exponential decay curve fit (E), which was used to calculate biodegradation half-life (2.9
weeks).
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Table 1:

Human Skeletal Muscle Donor Demographics (mean + SEM)

Rectus Femoris ~ Supraspinatus All

Age (years)

Male 74676 (n=5) 66.2+12.4(n=5) 65.6+ 5.8 (=10)

Female 65.4+7.9(n=5) 654+90(n=5) 74.0+6.0 (n=10)
Height (m)

Male 1.77 £0.03 1.84+0.13 1.80 +£0.03

Female 1.60 = 0.04 1.67 £0.07 1.62 +£0.02
BMI (m/kg?)

Male 20.3+3.1 17615 19.1+£15

Female 19.7+25 224 +3.7 20817
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Summary of skeletal muscle ECM material properties (Average, SEM, and range)

Table 2:

Material Property Value (Mean + SEM) Range
ECM Yield (mg / g wet weight) 20.3+26 8.0-39.8
Collagen Content (% dry weight) 21.1+35 9.3-329
SGAG Content (% wet weight) 43+0.3 21-57
Porosity (% open space) 76.5+3.2 43.3-88.0
Oriented Angle (degrees) 12+15 59-15.7
Modulus at 10% Strain (kPa) 218+40.8 44.8-432.8
Half Life (Weeks) 2.9 NA
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