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21Tissue engineering promises to be an effective strategy that can overcome the lacuna existing in the current phar-
22macological and interventional therapies and heart transplantation. Heart failure continues to be amajor contrib-
23utor to the morbidity and mortality across the globe. This may be attributed to the limited regeneration capacity
24after the adult cardiomyocytes are terminally differentiated or injured. Various strategies involving acellular scaf-
25folds, stem cells, and combinations of stem cells, scaffolds and growth factors have been investigated for effective
26cardiac tissue regeneration. Recently, injectable hydrogels have emerged as a potential candidate among various
27categories of biomaterials for cardiac tissue regeneration due to improved patient compliance and facile admin-
28istration via minimal invasive mode that treats complex infarction. This review discusses in detail on the
29advances made in the field of injectable materials for cardiac tissue engineering highlighting their merits over
30their preformed counterparts.
31© 2013 Published by Elsevier Inc.
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591. Introduction

60Cardiac diseases are the leading cause of morbidity, which accounts
61for approximately 40%of all humanmortality despite the advancements
62and improvements in the therapeutic approaches (Chen et al., 2008; Ye
63et al., 2011; Yoshida andOh, 2010). Approximately 50% of patients diag-
64nosed for myocardial infarction (MI) die within 5 years. Patients belong
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65 to both the developingworld and the industrialized nations and it is es-
66 timated that about 25 million people suffer from heart failure (Chen
67 et al., 2008; Dvir et al., 2011). Adverse remodeling of the left ventricle
68 (LV), loss of non-regenerative cardiomyocytes and myocardial infarc-
69 tion are the significant processes involved in the initiation and progres-
70 sion of deteriorating myocardial function that ultimately leads to
71 congestive heart failure (Huang et al., 2005). Therefore, remodeling of
72 the left ventricle and angiogenesis at the infarcted site are the primary
73 focus of all research strategies directed towards designingMI therapeu-
74 tics (Shen et al., 2009). A diverse array of biomaterials has been investi-
75 gated as scaffold regeneration of different tissues and also as delivery
76 systems. The selection of the appropriate biomaterial and the subse-
77 quent fabrication of a scaffold that best suits the demands of the native
78 microenvironment of cardiac tissue are crucial steps in the development
79 of scaffolds for tissue engineering (Mano et al., 2007).
80 Cardio-pathophysiologic conditions such as hypertension and
81 valvular heart disease cause coronary artery disease (CAD) that may
82 be accompanied with acute MI (Chen et al., 2008). Typically MI causes
83 myocyte slippage and along with CAD constitutes the single most com-
84 mon cause for cardiac failure (Chen et al., 2008; Venugopal et al., 2012;
85 Yoshida and Oh, 2010). The myocardial slippage weakens the collagen
86 network in the extracellular matrix (ECM) resulting in ventricular wall
87 thinning, dilation and impairs the pumping efficiency of the heart
88 (Chen et al., 2008). The enlarged ventricular volume causes progressive
89 structural and functional changes inducing remodeling process which
90 results in substantial loss of cardiomyocytes at the infarct zone (Leor
91 et al., 2005; Yoshida and Oh, 2010). This massive loss of cardiomyocytes
92 impairs the heart wall muscle permanently, as the terminally differenti-
93 ated cardiomyocytes lack significant intrinsic potential to repair and
94 regenerate the lost cells (Chen et al., 2008; Ye et al., 2011). The initial
95 compensatory ventricular remodeling phenomenon later contributes
96 to the inefficientmechanical pumping of the ventricularmuscle thereby
97 predisposing the patient to congestive heart failure (CHF) (Chen et al.,
98 2008).
99 Sequence of events activated after a myocardial tissue injury in-
100 cludes inflammation and granulation tissue formation that eventually
101 leads to scar tissue formation (Leor et al., 2005). Cytokines and growth
102 factors released from the injured tissue recruit white blood cells, mainly
103 neutrophils, followed by migration of monocytes to the wound site,
104 subsequently differentiates into macrophages, which plays a major
105 role of clearing the infarcted zone. Furthermore, cells such as endotheli-
106 al cells, fibroblasts and stem/progenitor cells are recruited at the infarct
107 zone to aid in the granulation tissue formation. The formation of blood
108 vessels or angiogenesis is another essential event for the healing of in-
109 farctedmyocardium (Nian et al., 2004; Sun et al., 2002). The granulation
110 tissue is subsequently replaced by an ECM which is majorly deposited
111 by fibroblasts and remodeled into scar tissue (Leor et al., 2005). This
112 fibroblastic scar tissue lacks contractile function and therefore mini-
113 mizes the capacity of the heart to pump blood and maintain the neces-
114 sary cardiac output (Yoshida and Oh, 2010). The expansion of cardiac
115 fibrosis elevates tissue stiffness, prevents cardiac relaxation, and there-
116 by impairs cardiac function which eventually leads to heart failure
117 (Marquez et al., 2009). Thus, the intrinsic healing process initiated at
118 the pathologic site does not restore the functional heart.
119 The treatment strategies adopted currently can be broadly catego-
120 rized as pharmacological and interventional therapies apart from surgi-
121 cal heart transplantation. Pharmacological therapy utilizes angiotensin
122 receptor blockers, angiotensin-converting enzyme (ACE) inhibitors, cat-
123 echolamines (β-blockers), and aldosterone (spironolactone) (Dobner
124 et al., 2009). These strategies focus on reduction of the cardiacworkload
125 by utilizing diuretics and nitrates, improving systolic performance and
126 offering protection from the toxic humoral factors that are activated
127 during heart failure (Chen et al., 2008; Nelson et al., 2011). Membrane
128 oxygenator microporous hollow fibers, pacing leads, prosthetic heart
129 valves, stents and stent coatings, and other such medical devices stand
130 as examples for advancements in biomaterials to improve heart failure

131treatment (Nelson et al., 2011). Interventional therapy generally involves
132implantation of devices such as pacemakers to control electrical/
133mechanical asynchrony. Such techniques are being widely employed
134and have been reported to enhance the cardiac energy efficiency in pa-
135tients with impaired heart functions (Chen et al., 2008; Hawkins et al.,
1362006; Nelson et al., 2011). Coronary artery bypass grafting and coronary
137stent deployment strategies are relied upon as highly effective and com-
138mon for treatingmyocardial infarction (MI), these interventional proce-
139dures aim at revascularization of the myocardium (Nelson et al., 2011).
140However, both drugs and interventional strategies cannot control dis-
141ease progression adequately and hence the gold standard for patients
142with terminal heart failure is cardiac transplantation. Although the
143number of donor hearts is grossly inadequate to meet the demand
144(Chen et al., 2008; Dvir et al., 2011; Nelson et al., 2011). The inadequate
145organ donors and the complications that are caused by immune sup-
146pressive treatments necessitate the development of adoptingnew strat-
147egies to repair and regenerate the injured heart (Akar et al., 2006; Chen
148et al., 2008). In this context, tissue engineering approaches have
149evolved as a promisingmodality for therapy aswell as overcome sever-
150al pitfalls in the conventional systems.
151Various tissue engineering strategies are being evaluated for
152repairing the injured myocardium. These include acellular scaffold
153implantation, cell therapies, scaffolds combined with cells, growth fac-
154tors or genes (Davis et al., 2005a; Huang et al., 2005). The aneurismal
155thinning of the ventricularwall can be conferredwith structural support
156using biopolymer scaffolds which has also been used in combination
157with various cells such as cardiomyocytes, skeletal myoblasts, endothe-
158lial cells, bone marrow-derived stem cells and embryonic stem cells to
159provide constructive matrix environment that improved properties of
160cell viability, migration, proliferation and tissue progression (Huang
161et al., 2005). Over the past decade, investigation of injectable scaffolds
162has given encouraging results independently as well as in combination
163with cells in both in vitro and in vivo (Hawkins et al., 2006; Nelson et al.,
1642011). Fig. 1 illustrates themerits of injectable hydrogels for cardiac tis-
165sue on comparison with the other tissue engineering strategies.

1662. Cardiac tissue engineering

167In human tissue almost all the normal cells except blood cells are
168resident and adherent to the solid matrix called extracellular matrix
169(ECM). The ECM performs a multitude of functions wherein it provides
170structural support for cells, contributes to the mechanical properties of
171tissues, regulates cell behavior by influencing cell proliferation, homeo-
172stasis, cell survival, shape, migration and differentiation, acts as a reser-
173voir of growth factors and potentiates their actions, allows remodeling
174during development, and aids differentiation and wound healing pro-
175cesses (Daley et al., 2008; Yoshida and Oh, 2010; You et al., 2011).
176Tissue engineering utilizes temporary scaffolds along with cells and
177growth promoting signals for successful tissue repair, regeneration and
178complete tissue progression (Davis et al., 2005a; Leor and Cohen, 2004;
179You et al., 2011). The scaffold should essentially be an ECM analog spe-
180cific to the tissue of interest (Vasanthan et al., 2012; You et al., 2011).
181Though, there are different types of ECM, they are all principally com-
182posed of a complex assembly of many proteins and polysaccharides,
183which varies tissue-specifically (Daley et al., 2008; Frantz et al., 2010;
184You et al., 2011). The cardiac tissue-specific constructs shouldmeet sev-
185eral requirements. They should mimic native heart muscle, remain via-
186ble following implantation and improve systolic and diastolic functions
187of diseased myocardium (Leor et al., 2005; Zimmermann et al., 2004).
188Scaffolds that possess appropriate elastic and electrical properties
189coupled in themmay be recommended for attaining contractile and im-
190pulse conducting functions of the heart (You et al., 2011). Thus an ideal
191cardiac-specific construct should exhibit good contractility, should be
192mechanically robust and flexible, should be extensively vascularized
193or achieve vascularization quickly following implantation and totally
194should be electrophysiologically stable and non-immunogenic (Leor
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