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30Solubilized cardiac extracellular matrix (ECM) is being developed as an injectable therapeutic that offers
31promise for promoting cardiac repair. However, the ECM alone forms a hydrogel that is very soft com-
32pared to the native myocardium. As both the stiffness and composition of the ECM are important in reg-
33ulating cell behavior and can have complex synergistic effects, we sought to develop an ECM-based
34scaffold with tunable biochemical and mechanical properties. We used solubilized rat cardiac ECM from
35two developmental stages (neonatal, adult) combined with fibrin hydrogels that were cross-linked with
36transglutaminase. We show that ECM was retained within the gels and that the Young’s modulus could
37be tuned to span the range of the developing and mature heart. C-kit+ cardiovascular progenitor cells
38from pediatric patients with congenital heart defects were seeded into the hybrid gels. Both the elastic
39modulus and composition of the scaffolds impacted the expression of endothelial and smooth muscle cell
40genes. Furthermore, we demonstrate that the hybrid gels are injectable, and thus have potential for min-
41imally invasive therapies. ECM–fibrin hybrid scaffolds offer new opportunities for exploiting the effects of
42both composition and mechanical properties in directing cell behavior for tissue engineering.
43� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
44

45

46

47 1. Introduction

48 Eight in every 1000 infants are born with a congenital cardio-
49 vascular disorder [1]. These include various cardiomyopathies,
50 congenital heart defects (CHDs) or arrhythmias that can lead to
51 heart failure at a young age [2]. Currently, the majority of available
52 therapies are geared toward slowing down the progression of heart
53 failure and not toward restoring the proper contractile function of
54 the myocardium [3]. For patients with end-stage heart failure,
55 heart transplantation is the only successful long-term option.
56 However, there is a shortage of available donor organs for pediatric
57 patients and mortality on the waiting list is high [4,5]. Further-
58 more, patients who receive a heart transplant are subject to poten-
59 tially serious post-surgery side-effects and lifelong immune
60 suppression therapies [4]. Thus, there is a great need for the

61development of alternative strategies to treat CHDs and heart fail-
62ure in the young.
63Recently, c-kit+ cardiovascular progenitor cells (CPCs) have
64gained much attention for their potential to improve heart function
65after myocardial infarction in adults [6]. CPCs can also be isolated
66from young patients with various CHDs and differentiated into
67the three cardiovascular lineages of the heart: endothelial cells,
68vascular smooth muscle cells and cardiomyocytes [7]. In addition,
69the regenerative potential of CPCs from infants is greater than adult
70CPCs [8], suggesting that c-kit+ CPCs may be a promising cell source
71for cardiovascular tissue engineering or regenerative medicine
72strategies to treat pediatric patients. However, the efficiency of
73directed differentiation of CPCs with established protocols is low
74(�1% or less for all three cell types) [7]. A recent study suggests that
75although c-kit+ cells do not contribute significantly to the cardio-
76myocyte population in vivo, they are highly capable of generating
77cardiac endothelial cells [9]. Promoting vascularization of damaged
78tissue and endothelial cell–cardiomyocyte communication are key
79factors in cardiac repair [10]. The development of biomaterials that
80promote cardiovascular differentiation of CPCs would greatly
81enhance their regenerative potential for future therapies.
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82 Recent studies point to a critical role of the extracellular matrix
83 (ECM) in stem cell differentiation. In particular, the composition
84 and mechanical properties of the ECM can influence stem cell fate.
85 For example, human pluripotent stem cells showed robust cardiac
86 differentiation when established growth-factor-based protocols
87 were used in combination with culture on Matrigel [11]. Adult
88 rat c-kit+ CPCs had higher expression of cardiac genes when cul-
89 tured on adult porcine cardiac ECM compared to collagen I [12].
90 The stiffness of the substrate alone was found to drive mesenchy-
91 mal stem cells towards neurogenic, myogenic or osteogenic fates
92 [13], and chick embryonic cardiac cells showed increased matura-
93 tion when cultured on hydrogels that stiffened over time in culture
94 [14]. The above studies have been carried out in two dimensions;
95 however, the complex functionality of cells can be lost or altered
96 when cultured on planar surfaces [15]. Furthermore, the effect of
97 substrate stiffness and composition on the cardiovascular fate of
98 c-kit+ cells (i.e., endothelial and smooth muscle cell lineages) has
99 not been investigated.

100 Solubilized cardiac ECM shows promise as an injectable bioma-
101 terial for the repair of myocardial infarction [16–18]. Solubilized
102 ECM can reform a three-dimensional (3-D) nanofibrous hydrogel
103 at physiological pH and temperature [16]. However, ECM hydro-
104 gels have a limited range of mechanical properties that do not
105 match the native myocardium, and since they are very soft and
106 rapidly degraded, pure ECM hydrogels cannot be used for 3-D cell
107 encapsulation [19]. Thus, the aim of this work was to create cardiac
108 ECM–fibrin hybrid scaffolds with tunable composition and elastic-
109 ity in order to mimic properties of the native myocardium during
110 development and maturation. Fibrin is commonly used for tissue
111 engineering [20–23] and it is also highly angiogenic [24–26]; thus,
112 by combining cardiac ECM and fibrin, our long-term goal is to pro-
113 mote both vascular and cardiac differentiation within the same
114 scaffold, and further modulate cell response by tuning scaffold
115 stiffness. Solubilized cardiac ECM from neonatal or adult rat hearts
116 was incorporated into fibrin gels and scaffold stiffness was altered
117 via cross-linking with transglutaminase (TG). CPCs from pediatric
118 patients had good viability within the scaffolds and interacted with
119 and remodeled the ECM over time in culture. Gene expression at
120 21 days showed that endothelial and smooth muscle markers were
121 influenced by ECM developmental age and scaffold elastic modu-
122 lus. Furthermore, these scaffolds are injectable through a 25G nee-
123 dle and thus may be beneficial for minimally invasive cell delivery
124 in future applications.

125 2. Materials and methods

126 2.1. ECM isolation and solubilization

127 All animal procedures were performed in accordance with the
128 Institutional Animal Care and Use Committee at Tufts University
129 and the NIH Guide for the Care and Use of Laboratory Animals.
130 ECM was isolated and solubilized according to previously pub-
131 lished methods [27]. Briefly, hearts were harvested from eutha-
132 nized P2-P3 neonatal pups and adult female Sprague–Dawley
133 rats (Charles River Laboratories). The ventricular tissue was
134 minced and decellularized using 0.5% or 1% (w/v) sodium dodecyl
135 sulfate (SDS) in deionized water (neonatal or adult hearts, respec-
136 tively) with gentle shaking for 1–2 days until decellularization was
137 complete. The ECM was transferred to a 0.5% or 1% TritonX-100 (v/
138 v) solution for �4–8 h to remove SDS and then washed with deion-
139 ized water at least three times for 12–24 h per wash. The ECM was
140 frozen at �20 �C, lyophilized for 24 h and solubilized at a concen-
141 tration of 10 mg ml�1 in 1 mg ml�1 pepsin dissolved in 0.1 M HCl
142 (4–6 h or 24–48 h for neonatal or adult hearts, respectively).
143 Immediately prior to use, the cardiac ECM solution was neutralized
144 to pH 7 with 1 N NaOH.

1452.2. Preparation of transglutaminase stock solutions

146Two separate stock solutions of transglutaminase (TG;
14760 lg ml�1 and 600 lg ml�1) were prepared fresh for each experi-
148ment. First, a 5 mg ml�1 solution was prepared by dissolving TG
149(Ajinomoto, Chicago, IL) in 20 mM HEPES buffer. The 5 mg ml�1

150solution was then further diluted in 20 mM HEPES to create the
15160 lg ml–1 stock solution (used for final concentrations of 1.2
152and 12 lg ml�1 TG in the gels) and the 600 lg ml�1 stock solution
153(used for a final concentration of 120 lg ml�1 TG in the gels).

1542.3. Preparation of ECM-only hydrogels

155ECM hydrogels were prepared using various concentrations of
156TG (0, 1.2, 12 and 120 lg ml�1). Decellularized ECM solution was
157neutralized and diluted to 6 mg ml�1 [16] before adding TG, vor-
158texed briefly and then pipetted into 15 � 15 � 5 mm Tissue-Tek
159cryomolds (Ted Pella, Inc.). Samples were incubated at 37 �C for
160�30 min. Collagen I (BD Biosciences) at the same concentration
161was used as a control.

1622.4. Preparation of ECM–fibrin hydrogels cross-linked by
163transglutaminase

164ECM–fibrin hybrid scaffolds were prepared using the various
165concentrations of TG described above. The gel solution was com-
166posed of fibrinogen (33 mg ml�1 stock, Sigma) at a final concentra-
167tion of 3.3 mg ml�1, 20 mM HEPES buffer, Dulbecco’s modified
168Eagle medium (DMEM) (Invitrogen), thrombin (25 U ml�1 stock,
169Sigma) at a final concentration of 0.425 U ml�1, calcium (1 M stock,
170Sigma) at a final concentration of 1.3 mM and cardiac ECM
171(2 mg ml�1 stock) at a final concentration of 340 lg ml�1. In preli-
172minary experiments, we found that higher concentrations of ECM
173inhibited the polymerization of fibrin (data not shown). The gel
174solution was mixed by gentle inversion, pipetted into molds or
175well plates and allowed to gel at 37 �C prior to carrying out the
176experiments described below.

1772.5. Uniaxial mechanical testing

178ECM–fibrin hydrogels were prepared as described above and
179pipetted into 15 � 15 � 5 mm cryomolds (300 ll per mold, six
180molds per condition) which were pre-coated in 5% pluronics solu-
181tion to facilitate removal of the gels from the molds. The samples
182were allowed to gel for 30 min at 37 �C, removed from the molds
183and incubated in phosphate buffered saline (PBS) at 37 �C over-
184night. For uniaxial testing, the hydrogels were removed from the
185six-well plate and the excess PBS was gently removed using a
186Kim wipe™. Custom-made aluminum clamps were attached to
187each end of the hydrogel using superglue. An image of the sample’s
188thickness was acquired using a custom-built device. The sample
189was then transferred to a PBS bath and attached to the custom-
190built uniaxial stretcher, as previously described [28,29]. Prior to
191stretching, the sample’s initial length and width were determined
192using a digital caliper (Fisher Scientific). A custom-written Lab-
193VIEW program then applied a triangle waveform to stretch the
194sample to 25% strain. Each sample was pre-conditioned for at least
1955 cycles before recording the force and length data. A stress–strain
196curve was generated for each sample, and the Young’s modulus
197was determined by calculating the slope in the linear region of
198the curve between 15 and 20% strain.

1992.6. Swelling test

200Samples were prepared as described above for uniaxial stretch-
201ing. After incubating in PBS overnight, excess fluid was carefully
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