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18Over the last 50 yearsmedicine and technology have progressed to the point where it has become commonplace
19to safely replace damaged or diseased heart valves with mechanical and biological prostheses. Despite the
20advancements in technology current valve substitutes continue to have significant limitations with regards to
21thrombogenicity, durability, and inability to grow or remodel. In an attempt to overcome the limitations of
22currently available valve prosthesis, heart valve tissue engineering has emerged as a promising technique to
23produce biological valve substitutes. Currently, the field of tissue engineering is focused on delivering complex
24matrices which include scaffolds and cells separately or together to the damaged site. Additional functional
25enhancement of thematrices by exposing encoded biological signals to their residing cells in a controlledmanner
26has the potential to augment the tissue engineering approach. This reviewprovides anoverviewof the delivery of
27biological reagents to guide and regulate heart valve tissue engineering.

28 © 2014 Elsevier B.V. All rights reserved.
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58 1. Introduction

59 A large number of people suffer from aortic valvular heart disease
60 (AVHD) worldwide leading to cardiovascular morbidity and mortality
61 [1,2]. In the United States alone, approximately 5 million people are
62 affected by AVHD every year [3]. Although, number of deaths from
63 AHVD is relatively small (~15000) 30% of people (age N65) suffer
64 from valvular sclerosis and 10% of them face stenosis with degenerative
65 pathology being the predominant cause. [4]. The incidence of AVHD is
66 much higher in developing countries secondary to the persistent bur-
67 den of rheumatic fever where more than 15 million people worldwide
68 are estimated to be have rheumatic valve disease [5,6].
69 Due to the hemodynamic consequences of valvular heart disease,
70 systemic blood flow can become compromised leading to morbidity
71 and mortality [7]. Valvular tissue has limited regenerative capacity,
72 and in case of damage or loss, scar tissue forms and calcification occurs
73 leading to valvular impairment [8]. At present, the only effective thera-
74 py for severe valvular stenosis is the replacement of the affected valve
75 with mechanical or biological prostheses [7]. In the next thirty years,
76 the number of aortic valve surgeries will be tripled due to increase in
77 population and improved access to healthcare [9]. However, both bio-
78 logic and mechanical prosthetic valves have significant limitations and
79 degree of survival and clinical improvement after surgery depends on
80 the type of aortic valve substitute used [10].Mechanical valve prosthesis
81 requires life-long anticoagulation therapy (currently with Vitamin K
82 antagonists) to decrease the risk of blood clotting on the valve surface
83 which can result in valve dysfunction and thromboembolism [11].
84 On the other hand, biological prostheses have a low risk of thrombo-
85 embolism but have limited durability with a significant failure rate at
86 10 years [12]. Biologic valves are generally treated with glutaraldehyde
87 (GA), sodium dodecyl sulfate (SDS), and other substances to reduce
88 their antigenicity and to prevent calcification. These treatments stiffen
89 the prostheses and disrupt the collagen and glycosaminoglycan (GAG)
90 structure leading to loss of functionality contributing to their decreased
91 durability [13]. Importantly, neither mechanical nor biological prosthe-
92 sis has the capacity to grow or remodel and thus are even less optimal
93 for pediatric patients [14].
94 The field of regenerative medicine offers an alternative approach in
95 which living cells, biomaterials, and soluble mediators are employed
96 to create tissue with normal structure and function at the damaged
97 site [15]. In native tissue development, including aortic heart valve
98 generation, multiple growth factors are involved at different stages of
99 growth andmaturity [16]. In tissue restoration in vitro or in vivo, similar
100 kinds of growth factors can be delivered in a controlled manner at the
101 right phases to obtain a functional heart valve construct. Moreover, if
102 the cells at the damaged site are not active or have low concentration,
103 the delivery growth factors as well as specifically transfected cells, a
104 new tissue could potentially be regenerated or damaged tissue could
105 be remodeled [17].
106 This review summarizes comprehensive information on drug delivery
107 in aortic heart valve tissue engineering. The review first discusses the
108 structure, development, and molecular regulation in the development of
109 aortic valve as well as the disease that cause the damage or impairment
110 of aortic valve function. It then addresses design of drug carriers and
111 materials used to prepare them. Lastly, it describes the delivery of key bio-
112 molecules including growth factors, genes and cytokines in heart valve
113 generation through different approaches including substrate-based and
114 cell-based deliveries.

1152. Aortic valve

116The aortic valve is located central to the pulmonary, mitral, and
117tricuspid valves and between the left ventricular outflow tract and the
118ascending aorta [18]. It allows the blood flow from the left ventricle
119into the aorta during systole and prevents flow in the opposite direction
120during diastole. The aortic valve is one of the two semilunar heart
121valves—the other being the pulmonary valve.

1222.1. Structure

123The aortic valve consists of three cusps: left coronary, right coronary,
124and non-coronary— named according to their relationshipwith the cor-
125onary arteries (Fig. 1a) [19]. The aortic valve cusps are supported by the
126aortic valve annulus and commissures. The valve is connected to the
127heart muscle through an annulus, which is comparable to a tendon
128that links skeletal muscle and bone. Cusp thickness is generally less
129than 1 mm, although it varies by region—thicker at the base and tip
130compared to other areas [20]. Each cusp consists of complex stratified
131connective tissues forming three layers: fibrosa, spongiosa, and
132ventricularis (Fig. 1b) [21]. Thefibrosa, located nearest the aorta, is com-
133posed of circumferentially oriented fibrillar collagens (types I and III),
134which provide tensile stiffness to the valve [22]. The middle layer
135(spongiosa) consists of proteoglycans interspersed with collagen fibers.
136This layer works as a cushioned interface between the two outer layers
137to provide compressibility and integrity to the valve. The ventricularis,
138named because of its continuity to the ventricle, is composed of radially
139oriented filamentous elastic fibers and enables extension and recoiling
140of the valve under diastole and systole pressures, respectively. The
141cusps are covered with a layer of endothelial cells (ECs) with fibro-
142blast/myofibroblast like interstitial cells inside [23].

1432.2. Development

144Embryologically, the heart is the first organ to form and supports
145continuous growth of the embryo. Initially, the heart is a primitive
146tube consisting of myocardial cell layer surrounded by endocardial
147EC layer [21]. At the fourth week of gestation, dextrosuperior and
148sinistroinferior endocardial cushions and two intercalated endocardial
149cushions located 90° from the previous ones form in the distal portion
150of outflow tract [25]. The endocardial cushion formation is characterized
151by transformation of epithelial cells to mesenchymal cells (EMT) in the
152presence of signaling factors emanated from myocardium cells [26]. At
153this stage, mesenchymal cells are highly proliferative and loosely
154connected in the cardiac gel (ECM), although in remodeling or mature
155valves, they recycle very little [27]. Mesenchymal cells are responsible
156for the creation of valvular interstitial cells (VICs). The cardiac gel,
157which contains proteoglycans, glycosaminoglycans, and other structural
158proteins, provides the morphology of the endocardial cushions and
159other parts of the heart [28]. Rhythmic contraction and expansion of
160extracellular matrix (ECM) gel in the endocardial cushions acts as primi-
161tive regulatory controls allowing for unilateral blood flow [29]. In a subse-
162quent stage, the endocardial cushions fuse to formvalve primordia,which
163arise from truncal septum. The valve primordia become thinner and elon-
164gate to form valve cusps. At this stage, the ECM goes through major
165changes in the form of patterning evidenced by gene expression from
166the surface of the valve. The patterning of the ECM is influenced by direc-
167tion of blood flow. In the cusps, the ECM remodels into three layers
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