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Abstract
Similar to other protein-based hydrogels, extracellular matrix (ECM) based hydrogels, derived
from decellularized tissues, have a narrow range of mechanical properties and are rapidly
degraded. These hydrogels contain natural cellular adhesion sites, form nanofibrous networks
similar to native ECM, and are biodegradable. In this study, we expand the properties of these
types of materials by incorporating poly(ethylene glycol) (PEG) into the ECM network. We use
decellularized myocardial matrix as an example of a tissue specific ECM derived hydrogel.
Myocardial matrix-PEG hybrids were synthesized by two different methods, cross-linking the
proteins with an amine-reactive PEG-star and photo-induced radical polymerization of two
different multi-armed PEG-acrylates. We show that both methods allow for conjugation of PEG to
the myocardial matrix by gel electrophoresis and infrared spectroscopy. Scanning electron
microscopy demonstrated that the hybrid materials still contain a nanofibrous network similar to
unmodified myocardial matrix and that the fiber diameter is changed by the method of PEG
incorporation and PEG molecular weight. PEG conjugation also decreased the rate of enzymatic
degradation in vitro, and increased material stiffness. Hybrids synthesized with amine-reactive
PEG had gelation rates of thirty minutes, similar to the unmodified myocardial matrix, and
incorporation of PEG did not prevent cell adhesion and migration through the hydrogels, thus
offering the possibility to have an injectable ECM hydrogel that degrades more slowly in vivo.
The photo-polymerized radical systems gelled in four minutes upon irradiation allowing for 3D
encapsulation and culture of cells, unlike the soft unmodified myocardial matrix. This work
demonstrates PEG incorporation into ECM-based hydrogels can expand material properties,
thereby opening up new possibilities for in vitro and in vivo applications.

1. Introduction
Extracellular matrix (ECM) based hydrogels, formed from decellularized tissues, have
recently emerged as tissue specific scaffolds for both in vivo as well as in vitro tissue
engineering [4, 6, 10, 25, 27, 32]. These materials are capable of assembling into a
nanofibrous network, reminiscent of the native ECM, at physiological conditions [16].
Unlike synthetic or single component protein hydrogels, these materials retain a complex
mixture of tissue specific biochemical cues, including both proteins and polysaccharides [5].
These hydrogels have been used in in vivo applications to promote tissue repair and
regeneration, and have also been utilized as model systems for in vitro culture. One example
is an ECM hydrogel derived from decellularized porcine myocardial ECM, which has been
developed for cardiac tissue engineering applications [27]. The benefits of the tissue
specificity of this material have been demonstrated in 2D in vitro culture where it enhanced
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the maturation and differentiation of human embryonic stem cell derived cardiomyocytes
and cardiac progenitor cells versus gelatin, collagen, and a non-tissue specific adipose
matrix [5, 9]. In vivo it has demonstrated the potential to increase cardiac muscle, reduce
fibrosis, prevent negative left ventricular remodeling, and improve cardiac function after
injection into the infarct region in porcine and rat MI models [24, 28].

While the myocardial matrix hydrogel has shown promise as a therapeutic and cell culture
material, it has a limited range of properties typical of protein-based hydrogels [16, 26]. It
forms a soft hydrogel upon self-assembly with a storage modulus of 5–10 Pa at 1 Hz, which
is much softer than native heart tissue. This property in particular does not allow for in vitro
3D culture since cells rapidly migrate through the soft hydrogel. Increasing the stiffness
closer to that of native myocardium may have improved outcomes in vivo and could also
permit 3D cell culture, providing a tissue specific in vitro platform for cardiac tissue
engineering. Increasing the weight percent of the myocardial matrix can double the stiffness
to 9.5 Pa, however, this is still far below native tissue [16]. Cross-linking the myocardial
matrix with 0.1 % glutaraldehyde increased the stiffness to 136 Pa [26]; however, increasing
the amount of glutaraldehyde could lead to toxicity [17]. Mixing the myocardial matrix with
collagen increased the mechanical strength to 59.3 Pa, which allowed for encapsulation of
human embryonic stem cells, and increased their cardiac differentiation compared to
collagen alone [8]; however, adding in other proteins such as collagen disrupts the
appropriate tissue specific ratio of cardiac ECM components. The myocardial matrix is also
enzymatically degraded in 2–3 weeks in vivo [24]. This degradation time frame has shown
positive in vivo results including the recruitment of neovasculature and c-kit+ stem cells [24,
28]; however, adjusting the degradation time may allow for a more prolonged recruitment of
progenitor cells. While glutaraldehyde has been shown to adjust degradation time [26],
questions regarding safety of this cross-linker remain.

One promising approach to altering the properties of protein-based hydrogels is to dope in
synthetic polymers to create a protein-synthetic hybrid hydrogel [15, 31]. For example, the
properties of collagen hydrogels were altered by cross-linking the protein-based hydrogel
with multi-armed poly(ethylene glycol) (PEG) stars containing activated esters on the
termini that reacted with amine residues on the protein [23]. PEG is an ideal candidate to
add to protein hydrogels because it is biocompatible and inert [2, 33], and therefore the
biochemical cues in the hydrogel remain the same. Herein, we demonstrate a new approach
to tissue specific ECM-based hydrogels for tissue engineering by synthesizing myocardial
matrix-PEG hybrid hydrogels by two different methods. These approaches allow for
expanded material properties, potentially opening up additional applications for the in vivo
and in vitro use of ECM hydrogels.

2. Materials and Methods
2.1. Synthesis of decellularized porcine myocardial matrix

Porcine myocardial tissue was harvested, decellularized, and enzymatically digested as
previously described [27]. Briefly, porcine left ventricular tissue was sliced into small pieces
and placed into 1% (wt/vol) sodium dodecyl sulfate (SDS) solution in 1x PBS pH 7.4 with
0.5% penicillin/streptomycin. The solution was changed every 24 hours. After the fourth day
the tissue was rinsed with sterile deionized (DI) water for an additional 24 hours. The ECM
was then frozen, lyophilized, and milled into powder using a Wiley Mini Mill. The
myocardial matrix (10 mg/mL) was then enzymatically digested at room temperature with
pepsin (1 mg/mL) in 0.1 M hydrochloric acid (sterile filtered) for 48 hours. The pH of the
digest was then adjusted to give myocardial matrix (6 mg/mL) in 1x PBS pH 7.4. The digest
was then frozen, lyophilized, and stored at −20 °C until needed.
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2.2. Synthesis of myocardial matrix/star PEG-NHS hybrid hydrogels
Myocardial matrix was resuspended in sterile DI water. Four-arm polyethylene glycol N-
succinimidyl glutarate (star PEG-NHS, pentaerythritol core, Mn = 20,000 g/mole, JenKem
Technology) was dissolved with sterile DI water at 100 mg/mL. Myocardial matrix and
PEG-NHS were mixed to give two different formulation of myocardial matrix/PEG-NHS:
N12 (myocardial matrix at 6 mg/mL and PEG-NHS at 12 mg/mL) and N24 (myocardial
matrix 6 mg/mL and PEG-NHS at 24 mg/mL). Gelation was induced by incubation at 37 °C
for 30 minutes and gel formation was determined as the inability of the solution to flow.

2.3. Synthesis of myocardial matrix/star PEG-acrylate hybrid hydrogels
Myocardial matrix was resuspended in sterile DI water that had been degassed with argon
and contained N-hydroxy succinimde acrylate (NHS-acrylate, Aldrich) at 0.67 mg/mL.
Four-arm polyethylene glycol acrylate (star PEG-acrylate, pentaerythritol core, Mn = 20,000
g/mole, JenKem Technology) was dissolved with sterile DI water at 100 mg/mL. Irgacure
2959 (50 mg/mL, Aldrich) was dissolved in degassed ethanol. Myocardial matrix, PEG-
acrylate, and Irgacure 2959 were mixed to give different formulations of myocardial matrix/
PEG-acrylate: P12 (myocardial matrix at 6 mg/mL and PEG-acrylate at 12 mg/mL) and P24
(myocardial matrix at 6 mg/mL and PEG-acrylate at 24 mg/mL). The final concentrations of
Irgacure and NHS-acrylate were both 0.5 mg/mL for P12 and P24. Radical polymerization
was induced with 305 nm light (4 mW/cm2) for four minutes. Gel formation was determined
as the inability of the solution to flow.

2.4. Synthesis of myocardial matrix/PEG-diacrylate hybrid hydrogels
Myocardial matrix was resuspended in sterile DI water that had been degassed with argon
and contained N-hydroxy succinimde acrylate (NHS-acrylate) (0.67 mg/mL). PEG-
diacrylate (PEGDA, Mn = 545) (100 mg/mL) was dissolved with degassed, sterile DI water,
and Irgacure 529 (50 mg/mL) was dissolved in degassed ethanol. Myocardial matrix, PEG-
diacrylate, and Irgacure 2959 (1 in 1000 dilution) were mixed to give different formulations
of myocardial matrix/PEG-diacrylate: D12 (myocardial matrix at 6 mg/mL and PEG-
diacrylate at 12 mg/mL) and D24 (myocardial matrix at 6 mg/mL and PEG-diacrylate at 24
mg/mL). The final concentrations of Irgacure and NHS-acrylate were both 0.5 mg/mL for
P12 and P24. Radical polymerization was induced with 305 nm light (4 mW/cm2) for four
minutes. Gel formation was determined as the inability of the solution to flow.

2.5. Enzymatic degradation
Enzymatic degradation of hybrid hydrogels with bacterial collagenase was performed as
previously described with slight modifications [26]. Myocardial matrix/PEG hybrids
formulations N24, N12, P24, P12, D24, and D12 were made as described above. Myocardial
matrix (MM) without PEG at 6 mg/mL was used as the control for this study. Myocardial
matrix formulations (20 μL) were pipetted in 1.5 mL Eppendorf tubes. Gels were incubated
at 37 °C for 24 hours, then collagenase (300 units/mL, Worthington Biomedical
Corporation, 20 μL) in 0.1 M tris(hydroxyethyl)aminomethane buffer pH 7.4 with 0.25 M
CaCl2 was added on top of each gel and Epperndorf tubes were returned to the 37 °C
incubator. Three time-points, 5 hours, 24 hours, and 48 hours, were investigated for each
group (MM, N24, N12, P24, P12, D24, and D12, n=8/group). At each time-point, samples
were spun down at 15000 rpm for 5 minutes and 5 μL was removed and added to a 0.5 mL
Eppendorf tube containing 5 μL of 2% Ninhydrin reagent solution (Sigma). Samples were
boiled for 10 minutes on heating block at 110 °C, and then 190 μL of DI water was added to
each tube and thoroughly mixed. A 100 μL aliquot was added to a 96 well plate and the
corrected absorbance at 570 nm was measured on a BioTek Synergy 4 (Biotek Instruments).
All hydrogel samples were blanked against collagenase in an equal volume of PBS pH 7.4.
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2.6. Parallel plate rheometry
Parallel plate rheometry was performed on the hydrogels as previously described with slight
modification [26]. Gel formulations (N24, N12, P24, P12, D24, and D12) were mixed as
described above and 300 μL aliquots were pipetted between two dichlorodimethylsilane
coated glass slides with 1 mm spacers. Gels were incubated at 37 °C for 24 hours in a
humidity chamber. A TA instruments AR-G2 rheometer was used to test the matrix
rheological properties after cross-linking. Gels were tested using a 20 mm geometry with
0.75 mm gap height at 37 °C. Samples were run in triplicate for each group.

2.7. Scanning electron microscopy
Samples (n=3) were prepared and analyzed for scanning electron microscopy as previously
described [16]. Briefly, fixed and dehydrated hydrogels were loaded into Teflon sample
holders and processed in an automated critical point drier (Leica EM CPD300, Leica,
Vienna) with 40 exchange cycles of CO2 at medium speed and 40% stirring. The fill and
heating steps were performed at slow speed, while the venting step was performed at
medium speed. After drying, the samples were removed and adhered to double-sided carbon
tabs on aluminum stubs. The mounted samples were then sputter coated (Leica SCD500,
Leica, Vienna) with approximately 7 nm of platinum while being rotated. The samples were
then imaged on a FE-SEM (Sigma VP, Zeiss Ltd., Cambridge, UK) at 0.6 kV using the in-
lens SE1 detector. SEM images were taken of three different samples per formulation. A
total of five images per formulation were analyzed. Four lines were then drawn the same on
every image and fibers were counted until ten fibers were obtained per each image totaling
50 fibers per formulation.

2.8. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
Matrix formulations for all groups (MM, N24, N12, P24, P12, D24, D12) were prepared as
described above and 20 μL was added to an Eppendorf tube and incubated at 37 °C for 24
hours. The gels were then frozen and lyophilized. The gels were rehydrated with a sodium
dodecyl sulfate (5 weight percent (wt%) in sterile DI water, 15 μL) solution, followed by
addition of 2x sample loading buffer (15 μL, Invitrogen), 10x reducing agent (3 μL,
Invitrogen), and heated at 80 °C for 20 minutes. The boiled gel solutions (20 μL) were
loading into a 12% Bis-Tris gel (Invitrogen). Protein bands were visualized with Imperial
Protein Stain (Thermo Scientific).

2.9. Infrared spectroscopy
Matrix formulations for all groups (MM, N24, N12, P24, P12, D24, D12) were prepared as
described above and 20 μL was added to an Eppendorf tube and incubated at 37 °C for 24
hours. The gels were then incubated with sterile DI water (1 mL) for 24 hours at 37 °C,
followed by ethanol (1 mL) for 24 hours at 25 °C, and dried for 48 hours under vacuum.
Infrared Spectra (1256 scans, n=2 for each formulation) were recorded on a Thermo
Scientific Nicolet 6700 FTIR with the diamond ATR accessory.

2.10.1. Cell Culture—Murine 3T3 fibroblasts (ATCC, Manassas, VA) were cultured per
previously established methods in growth media (GM) made up of Dulbecco’s Modified
Eagle Medium (Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum
(Hyclone) and 0.5 % penicillin/streptomycin (Gibco, Grand Island, NY)[22]. All cultures
were maintained in a humidified 37 °C incubator and 5 % CO2. Media was replaced every
two days and cells were split prior to reaching confluence.

2.10.2. Cell Labeling—Murine 3T3 fibroblasts were rinsed with Dulbecco PBS,
trypsinized and spun down into a cell pellet (10 million cells per pellet). The cells were then
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resuspended in PBS, centrifuged at 1,200 rpm for 5 minutes at 25 °C, and the PBS removed
from the pellet. The cells were then labeled with PKH26 (red cell membrane dye) following
manufacture’s protocol with slight modification. Cells were resuspended with Diluent C (1
mL) followed by quick addition of Diluent C (1 mL)-PKH26 dye (4 μL) solution, gently
mixed, and incubated at 37 °C. After 5 minutes a sterile 1wt% bovine serum albumin in PBS
(2 mL) was added to the cell suspension and incubated at 37 °C for 1 minute. The cells were
then centrifuged at 1,200 rpm for 10 minutes at 25 °C. The cell pellet was resuspended in
complete media (10 mL), transferred to a new tube, and centrifuged at 1,200 rpm for 5
minutes at 25 °C. The cell pellet was then resuspended in complete media (10 mL) and
centrifuged at 1,200 rpm for 5 minutes two more times. The red-membrane labeled cells
were then labeled with calcein AM following a previous procedure [3]. Briefly, the cells
were resuspended (1 million cells/mL) with PBS. For every 1 million cells 2.5 μg of calcein
AM in dimethylsulfoxide (4 mM) was added and the cell suspension was incubated at 37 °C
for 30 minutes. The cells were then centrifuged at 1,200 rpm for 5 minutes at 25 °C and
resuspended with PBS (10 mL) three times.

2.10.3. Cell Seeding—Labeled cells in complete media (2.5 million cells/mL, 100 μL)
were seeded on myocardial matrix and myocardial matrix/star PEG-NHS hybrid hydrogels
(N12 and N24) (n=4) that had been incubated at 37 °C for 1 hour. Cells seeded on top of
hydrogels and fluorescent images were taken at 1 hour and 24 hours using a Nikon Eclipse
TE2000-U microscope with motorized, programmable stage using a CoolSnap HQ camera
controlled by Metamorph 7.6 software. Images (10x) were processed with Fiji software.

2.10.4. Cell encapsulation—Labeled cells (1 million) were pelleted. The cell pellets
were then resuspended with pre-hydrogel formulations (400 μL) of either myocardial matrix
(6 mg/mL)/star PEG-acrylate (12 mg/mL) (P12), myocardial matrix (6 mg/mL)/star PEG-
acrylate (24 mg/mL) (P24), myocardial matrix (6 mg/mL)/PEG-diacrylate (12 mg/mL)
(D12), or myocardial matrix (6 mg/mL)/PEG-diacrylate (24 mg/mL) (D24). Cells suspended
in hydrogel formulation were then pipetted in wells (100 μL x 4) of a glass bottomed 96 well
plate and placed directly on top of a 350 nm UV light with a surface intensity of 0.85 mW/
cm2 for 4 minutes. After UV irradiation, complete media (100 μL) was added and the
encapsulated cells were incubated at 37 °C. Fluorescent images were taken at 1 hour and 24
hours using a Nikon Eclipse TE2000-U microscope with motorized, programmable stage
using a CoolSnap HQ camera controlled by Metamorph 7.6 software. Images (10x) were
processed with Fiji (Image J) software.

2.10.5. Alamar Blue assay—Cells were encapsulated in hydrogels (100 μL) as described
above. After 24 hours media was removed (100 μL) and fresh media was added (100 μL)
with Alamar Blue reagent (10 μL). Fluorescent measurements (excitation 550 nm and
emission 585 nm) were taken at various time-points and depicted as fold change of
fluorescence relative to the first measurement performed at 2 hours (n=4/group).

2.11. Statistical analysis
All groups were analyzed by one-way ANOVA with a two-tailed distribution followed by a
Tukey post-hoc t-test. Significance was accepted at p < 0.05.

3. Results
3.1. Synthesis of myocardial matrix-PEG hybrid hydrogels

Without modification, the myocardial matrix self-assembles into a nanofibrous hydrogel
(Scheme 1). We investigated two different approaches to conjugate PEG into the myocardial
matrix protein network to alter the properties of the material: amidation with an amine-
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reactive PEG (Scheme 2) and radical polymerization of vinyl functionalized myocardial
matrix with multi-armed PEG acrylates (Scheme 3). For all hydrogels investigated the
myocardial matrix final concentration was 6 mg/mL (Table 1) [27]. For the amidation cross-
linked system, two different concentrations of a four-armed PEG star in which the arms
were terminated with N-hydroxy succinimides (star PEG-NHS) with molecular weight of
~20,000 g/mole were investigated, 24 mg/mL (N24) and 12 mg/mL (N12). Two different
types of PEG-acrylates were investigated for the radical polymerization system (Table 1). A
four-armed PEG star in which the arms were terminated with acrylates (star PEG-acrylate)
with molecular weight of ~20,000 g/mole at 24 mg/mL (P24) and 12 mg/mL (P12) and a
PEG-diacrylate (PEGDA) with a molecular weight of 575 g/mole at 24 mg/mL (D24) and
12 mg/mL (D12) were photopolymerized with acrylamide-functionalized myocardial matrix.
Both of the amidation systems (N24 and N12) and the myocardial matrix alone gelled in 30
minutes at 37 °C. All four radical systems (P24, P12, D24, and D12) formed gels after four
minutes of irradiation with ultraviolet light. Gelation was determined as the inability of the
solution to flow in a vial (data not shown).

3.2. PEG incorporation into the protein-hydrogel network
3.2.1 SDS-PAGE of myocardial matrix-PEG hybrid hydrogels—PEG incorporation
into the protein network of the MM-PEG hybrids was assessed by SDS-PAGE. The
myocardial matrix was the only hydrogel sample that was completely solubilized, while all
of the hybrid hydrogel samples contained unsolubilized material after heating at 80 °C.
Equal volume aliquots were then removed from each sample and analyzed by SDS-PAGE.
Strong protein and peptide bands are seen in the myocardial matrix only lane (Figure 1, lane
2) while these same bands are either weak or not present for the hybrids systems (Figure 1,
lanes 3–8). Faint bands at 100 kDa, 65 kDa, and 39 kDa are observed for both N12 and N24
with N24 having a darker band near the stacking gel. The bands for N12 are more
pronounced then the bands for N24 indicative of less cross-linked protein for N12. Both P24
and P12 have faint bands at 90–100 kDa with the intensity of high molecular weight species
(signal >100 kDa) increasing with increasing PEG concentration. D24 and D12 have no
bands below 200 kDa with darker smears near the top of gel. D12 has less solubilized
protein in the gel than D24. This is likely the result of limited PEGylation of acrylate
functionalized-MM in D12 and the result of the proteins radically cross-linking together.
The distinct differences with this system were also as verified by IR and SEM below. Color
intensity is a relative indication of protein/peptide content and all six hybrid systems have
less solubilized protein than the myocardial matrix only gel, suggesting cross-linking of
PEG to the protein network.

3.2.2. Infrared spectroscopy of myocardial matrix-PEG hybrid hydrogels—
Infrared spectroscopy was also used to confirm the presence of PEG in the hydrogels
(Figure 2). The myocardial matrix has no strong peak at 1150 cm−1, while all of the
myocardial matrix-PEG hybrids have a strong peak at 1150 cm−1 indicative of a C-O stretch
present from PEG. Additionally, the peaks from 1250–1750 cm−1 in all hybrid spectra
decrease in intensity relative to the C-O peak with increasing PEG concentration. The
PEGDA groups have relatively weaker CO peaks than the star PEG-NHS and star PEG-
acrylate systems. These spectra indicate that PEG is covalently attached to the protein
network of the myocardial matrix.

3.4. Rheometry on myocardial matrix-PEG hybrid hydrogels
Parallel plate rheometry was performed on myocardial matrix-PEG hybrids (Figure 3) to
quantify if the method and amount of PEG used to synthesize the MM-PEG hybrids resulted
in an increase in stiffness. The storage modulus was larger than the loss modulus for all six
of the hybrid systems indicative of a gel like state. The star PEG-NHS and PEGDA systems
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had storage moduli ranging from 5–30 Pa similar to the myocardial matrix alone [16] (~5
Pa) and previous glutaraldehyde cross-linked gels [26]. The star PEG-acrylate system had a
storage modulus of 719 Pa and 127 Pa for the P24 and P12 hybrids, respectively.

3.5. Scanning electron microscopy analysis of myocardial matrix-PEG hybrid hydrogels
Scanning electron microscopy (SEM) was used to determine if the hybrid hydrogels still
retained the nanofibrous structure of the myocardial matrix, and if PEG incorporation
changed the fiber diameter of the ECM network. All of the hydrogels exhibited a fibrous
like structure (Figure 4a–g). Myocardial matrix (MM) (85 nm +/− 28 nm) and D12 (76 nm
+/− 22 nm) had similar diameter while fibers in the other hybrids systems were statistically
larger than MM and D12 (Figure 4h). N12 and N24 had fiber diameters of 190 nm +/− 90
nm and 210 nm +/− 150 nm, respectively. P12 and P24 had fiber diameters of 190 nm +/−
90 nm and 180 nm +/− 73 nm, respectively. D24 had a fiber diameter of 160 nm +/− 54 nm,
which was statically smaller than the fibers found in the N24 group.

3.7. Enzymatic degradation of myocardial matrix and myocardial matrix-PEG hybrids
hydrogels

The ability to tune the rate of enzymatic degradation of hydrogels is important for in vivo
and in vitro application [7]. Enzymatic degradation of the hybrid hydrogels was quantified
with the Ninhydrin assay. A higher absorbance value relates to more soluble amines in
solution, which is indicative of faster enzymatic degradation. After five hours, the
myocardial matrix alone was degraded approximately two to three times faster than all of
the hybrids (Figure 5a). Slowest degradation rates were seen with N24 and P24. After 48
hours the myocardial matrix still showed significantly more degradation than all of the
hybrid gels (Figure 5b). P24, P12, and D12 had significantly less degradation than N24 and
N12. P12 was also less degraded than D24.

3.6. Adhesion and migration through myocardial matrix-PEG-NHS hybrid hydrogels
Unlike the photo-polymerized systems, the PEG-NHS hybrids only requires mixing of two
components, and therefore could allow for in vivo injection using a two-barrel injection
system. Since these hybrids slow enzymatic degradation of the myocardial matrix (Figure
5), they could be used to adjust degradation of the material in vivo. It was however
important to confirm that PEG incorporation did not prevent cell adhesion and infiltration
into the material, which would be critical in vivo. We therefore formed myocardial matrix,
N12, and N24 gels in a 96 well plate, and fibroblasts, labeled with a membrane dye as well
as calcein AM (green) to indicate live cells, were seeded on top. Images taken 1 hr (Figure
6a–c) and 24 hr (Figure 6d–f) after seeding show green labeled cells within the hydrogel,
demonstrating that cells were still capable of attaching and migrating through the PEG-NHS
hybrid hydrogels. Green staining overlapped with the red membrane dye (data not shown).

3.7. Cells encapsulation in radical cross-linked myocardial matrix-PEG hybrid hydrogels
The standard myocardial matrix hydrogel is too weak on its own to support 3D
encapsulation since cells rapidly migrate to the bottom of the well. Radical cross-linking is
however frequently used with PEG-based hydrogels to encapsulate cells for in vitro
applications. We were therefore interested to determine if the radically cross-linked PEG-
MM hybrids were able to efficiently encapsulate cells, which would enable 3D culture with
the appropriate biochemical cues of the myocardial matrix. Fibroblasts were labeled as
previously described, and encapsulated in myocardial matrix-PEG hydrogels (P12, P24,
D12, and D24) by photo-initiated radical polymerization. Cells were imaged 1 hr (Figure
7a–d) and 24 hrs (Figure 7e–h) after encapsulation and green cells are seen distributed
throughout all hydrogels at both time points. We also investigated the metabolic activity of
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the encapsulated cells with the Alamar blue assay. The media was removed after 24 hours
and replaced with media containing Alamar Blue to monitor metabolic activity of the
encapsulated cells over 4 days. Initial fluorescent readings were similar for all groups.
Metabolic activity is expressed as fold change of fluorescence over time normalized to the
reading after 2 hours. All four groups showed an increase in fluorescence over time
indicative of metabolically active cells with greater than 10-fold fluorescence achieved for
all groups after 4 days (Figure 7i).

4. Discussion
Tissue-specific ECM-based hydrogels have gained attention for a variety of in vitro and in
vivo applications [4, 6, 10, 24, 25, 27, 32]. In particular an ECM based, nanofibrous
hydrogel derived from decellularized myocardium, termed myocardial matrix, has shown
promise for both in vitro and in vivo cardiac tissue engineering [5, 9, 24, 28]. However, the
versatility of this material, like all predominantly collagen-based hydrogels, is restricted
because of its limited range of properties, mainly degradation rate and stiffness [16, 26]. The
ability to access a broader range of mechanical properties and a tunable rate of enzymatic
degradation would expand the scope of this and other ECM based hydrogels. Cross-linking
the myocardial matrix with glutaraldehyde has been shown to increase the stiffness of the
hydrogel as well as decrease the rate of degradation [26]; however, application of
glutaraldehyde in a clinical setting could be problematic due toxicity issues. Blending
collagen-based materials with other polymers and proteins is an attractive approach to
improve the properties of a material while maintaining many of the positive biochemical
cues [15, 18, 31]. In this study, we developed myocardial matrix-PEG hybrid hydrogels in
order to tune the properties of this ECM based hydrogel.

PEG is an attractive material to incorporate into ECM hydrogels. PEG-based materials are
nontoxic, nonimmunogenic, and allow nutrient and oxygen transport [1, 12, 21]. PEG
materials can also be fabricated under conditions compatible with cell culture and
encapsulation as well as accessing a broad range of mechanical properties [21, 30]. Cells are
unable to bind directly to PEG since it resists protein adsorption. This makes it an attractive
additive to ECM hydrogels to preserve their bioactivity [14]. PEG can be added directly by
reacting amine residues on the proteins with activated carboxylic acid functionalized PEGs
[29]. With this approach PEG can only react with amine residues on the protein thus
functioning as a bioinert macromolecule cross-linker [23, 29]. This approach has been used
to synthesize collagen-PEG hybrid hydrogels with improved properties [23]. PEG can also
be incorporated into the network through radical polymerization of multi-armed PEG
acrylates in the presence of acryl-functionalized proteins [14]. In this case, PEG can react
with acryl groups on the proteins and with acrylates on other PEGs.

We were interested in investigating both amidation and radical polymerization to synthesize
myocardial matrix-PEG hybrid hydrogels to vary the mechanical and degradation properties
of the material. For the amidation system we used a 20,000 g/mole four-arm star-PEG
terminated with N-hydroxysuccinimde groups (PEG-NHS) which had been previously used
to synthetize PEG-collagen hybrid hydrogels [23, 29]. The PEG-collagen system
investigated concentration ranges of 12.5–200 mg/mL and 2.5–30 mg/mL of PEG-NHS and
collagen; respectively [23]. We were interested in using a lower concentration of ECM for
our hybrids, specifically 6 mg/mL since this concentration of myocardial matrix had already
been demonstrated to be an effective treatment to improve cardiac function post-MI in rats
and pigs [24, 28], while maintaining a PEG-NHS concentration between 2.5–30 mg/mL. For
the radical system we investigated two different multi-armed PEG acrylates: a four-arm star-
PEG terminated with acrylates (molecular weight (MW) = 20,000 g/mole) (PEG-acrylate)
and a PEG-diacrylate (MW = 454 g/mole) (PEGDA). For PEG-NHS, PEG-acrylate, and
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PEGDA we investigated two different concentrations of PEG, 12 mg/mL and 24 mg/mL,
while maintaining a constant myocardial matrix concentration of 6 mg/mL. PEG
incorporation into protein networks by radical polymerization has been shown to not alter
the biological properties of the proteins, but can have an effect on cell morphology [11]. As
a result, the lowest PEG concentrations were chosen based upon the minimal concentration
of PEGDA required to form a hydrogel with acryl-functionalized myocardial matrix; this
amount was also doubled to investigate how the PEG content altered the properties of the
hybrid hydrogels. Both approaches, amidation and radical cross-linking, allowed for PEG
incorporation into the nanofibrous network of the myocardial matrix. SDS-PAGE
demonstrated that the majority of the protein content did not enter the gel indicative of high
molecular weight species. These high molecular species were the result of PEG cross-
linking to the ECM. PEGylation of the myocardial matrix was also verified by IR in which
all of the gel formulation contained peaks consistent with the ether group in PEG.

Addition of PEG to the myocardial matrix did increase the stiffness of the hydrogels,
although this was greater with the radical polymerization with the four-armed PEG. An
increase in stiffness with PEG is consistent with the results obtained when synthesizing
PEG-hybrids hydrogels by radical polymerization with fibrin [11] and gelatin [14]. PEG-
NHS concentration was shown previously to have minimal effect on mechanical properties
of collagen-PEG hybrids when the collagen concentration was below 10 mg/mL [23], and
therefore a lower stiffness compared to the radical system is not surprising. This result
highlights key design factors when synthesizing polymer-protein hybrid hydrogels. The
four-armed PEG acrylate can react with itself as well as with acryl-functionalized proteins
allowing it to form a stiffer network than the four-arm PEG-NHS. The four-armed PEG-
acrylate has four acrylate groups, while the PEGDA only has two acrylate groups, allowing
PEG-acrylate to form a stiffer network. Additionally, protein concentration is an important
factor to consider when using macromolecular protein cross-linkers to alter material
properties.

Interestingly, all of the hybrid hydrogels maintained a nanofibrous nature indicative of the
myocardial matrix material. All of the groups, except D12 (PEGDA 12 mg/mL, myocardial
matrix 6 mg/mL), had fiber diameters that were 2–2.5 times larger than the myocardial
matrix. The similarity of fiber size of D12 to the myocardial matrix is likely the result of
minimal cross-linking of PEGDA and minimal incorporation of the PEGDA into the protein
network as verified by IR. Functionalization of the myocardial matrix with PEG-NHS still
allowed for protein self-assembly. This is consistent with results found when PEGylating
collagen mimetic peptides. Previously, it has been demonstrated that conjugation of collagen
mimetic peptides to the termini of 20 kDa PEG-NHS via amidation still allowed for
temperature induced self-assembly of the peptides [29]. The larger fiber diameter for NHS-
PEG system is likely due the PEG cross-linking multiple protein fibers together while the
network is self-assembling since the gelation rate of the myocardial matrix and both PEG-
NHS systems is similar, 30 minutes at 37 °C. The increased fiber diameter also for the
radical system is likely due to the rapid formation of the radically cross-linked network (4
minutes) in which the PEG is cross-linking to itself and multiple fibers. Increase in fiber
diameter has been seen with other methods of cross-linking collagen based materials [13].

PEG incorporation into the myocardial matrix network also had a dramatic effect on in vitro
enzymatic degradation rate. The decrease in enzymatic degradation rate upon cross-linking
the myocardial matrix with glutaraldehyde has been previously reported [26]. Decrease in
enzymatic degradation rate also been observed when incorporating PEG into collagen [23]
and gelatin hydrogels [14]. The method and amount of PEG incorporation into the
myocardial matrix can alter the degradation rate over time. This is an important design
feature to be able to adjust since the myocardial matrix only material is degraded within 2–3
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weeks in vivo and rate of enzymatic degradation has been shown to be important for cell
encapsulation and viability [7].

The method of PEG incorporation into the myocardial matrix also has an effect on its end
application. Cross-linking of the myocardial matrix with PEG-NHS allows the material to
still be injectable. The PEG-NHS/myocardial matrix had similar mechanical properties and
tunable rate of degradation to the glutaraldehyde cross-linked myocardial matrix. It was
demonstrated that cells easily migrated through the glutaraldehyde cross-linked hydrogels
[26]. As a result we investigated if cells migrated through the PEG-NHS hybrids.
Interestingly, when cells are seeded on top of preformed MM, N12, and N24 hydrogel they
migrate through the materials to the bottom of the well, thus limiting the application of this
method of PEG incorporation for in vitro 3D culture studies. However, this type of material
could have positive results when applied in vivo since the material is still injectable and
allow cells to migrate through it. A slower degradation rate of the myocardial matrix could
potentially prolong the recruitment of endogenous progenitors cells. In contrast, a photo-
cross-linked radical PEG-myocardial matrix has limited application as an injectable material
in vivo due to the limited ability of light to penetrate tissue. Radical cross-linked PEG
hydrogels have however been used extensively to encapsulate cells for in vitro applications
[19, 20]. Here we demonstrate that this is also possible with PEG/myocardial matrix
hydrogels. Viable cells are evenly distributed throughout the hydrogels after photo-induced
polymerization. Alamar blue was added to cells 24 hours after encapsulation and metabolic
activity increased over the course of four days indicating that cells were still viable five days
after encapsulation. This provides promise for cell studies that rely on 3-D systems with
cardiac extracellular matrix specific cues to better mimic the in vivo environment.

5. Conclusion
A new approach for expanding the properties of ECM based hydrogels has been described.
We demonstrate that incorporation of PEG into the ECM network of myocardial matrix
hydrogels can vary the properties of the material, and that the method of PEG incorporation
can have a direct impact on the end application of the hybrid hydrogel. All hybrid
investigated had decreased rates of enzymatic degradation compared to the unmodified
myocardial matrix, while maintaining a nanofibrous structure. Myocardial matrix cross-
linked with four-arm PEG-NHS resulted in slowed degradation time, yet still allowed cells
to quickly migrate through these materials. Radical cross-linking the myocardial matrix with
multi-armed PEG acrylates resulted in hybrid hydrogels with range of mechanical properties
dependent upon PEG content and structure. Radical cross-linking also allowed for cells to be
encapsulated within the hydrogels, which were viable and metabolically active five days
after encapsulation. This demonstrates both an in vitro 3-D hybrid system for cell culture
and promise for an in vivo hybrid injectable material for repairing the heart.
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Figure 1.
SDS-PAGE of myocardial matrix hybrids. Lane 1) protein ladder, 2) myocardial matrix, 3)
star PEG-NHS hybrid 24 mg/mL, 4) star PEG-NHS hybrid 12 mg/mL, 5) star PEG-acrylate
hybrid 24 mg/mL, 6) star PEG-acrylate hybrid 12 mg/mL, 7) PEGDA hybrid 24 mg/mL, 8)
PEGDA hybrid 12 mg/mL.
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Figure 2.
Infrared spectrum of myocardial matrix and myocardial matrix hybrids.
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Figure 3.
Parallel plate rheometry of myocardial matrix-PEG hybrid hydrogels. A) Storage modulus at
1 Hz. B) Loss modulus at 1 Hz.
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Figure 4.
Scanning electron microscope images of myocardial matrix and myocardial matrix-PEG
hybrid hydrogels). A) myocardial matrix alone, B) N12, C) N24, D) P12, E) P24, F) D12, G)
D24 and H) fiber diameter of myocardial matrix and myocardial matrix-PEG hybrids.
*p<0.05; **p<0.001 compared to N24, N12, P24, P12, D24; *** p<0.001 compared to all
MM-PEG hybrids. All images are at 5,000x magnification.
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Figure 5.
Enzymatic degradation of myocardial matrix-PEG hybrid hydrogels. Soluble amines
quantified by ninhydrin after A) 5 hours and B) 48 hours. *p<0.05; **p<0.01; †p<0.001
compared to all MM-PEG hybrids; ‡p<0.001 compared to P24, P12, and D12); #p<0.001
compared to P24, P12, and D12); § p<0.001 compared to P24 and D12.
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Figure 6.
Calcein AM labeled fibroblasts cells within myocardial matrix and hybrid hydrogels. Green
stained fibroblsts are observed within the myocardial matrix (A, D), N12 (B, E), and N24
(C, F) after 1 (A–C) and 24 hours (D–F).
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Figure 7.
Fibroblast encapsulation in radical cross-linked myocardial matrix-PEG hybrids. A) P12, B)
P24, C) D12, and D) D24 after 1 hour. E) P12, F) P24, G) D12, and H) D24 after 24 hours.
I) Fold change of fluorescence over time of Alamar Blue of encapsulated cells.
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Scheme 1.
Self-assembly of the myocardial matrix into a hydrogel at physiological temperature.
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Scheme 2.
Synthesis of myocardial matrix-PEG hybrid hydrogel by amidation.
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Scheme 3.
Synthesis of myocardial matrix-PEG hybrid hydrogel by radical crosslinking.
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