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Preface
To this date, the sole treatment option for people with calcific aortic valve disease is surgical 
valve replacement. This procedure is both invasive and costly, and the number of people 
requiring this procedure is expected to triple by 2050 to roughly 750,000 worldwide, 
annually. Surgical valve replacement, the gold standard therapy for aortic stenosis, replaces 
the diseased valve with a prosthetic valve. Aortic valve calcification was perceived a passive 
disease until aortic valve cells were identified as active players in disease progression. 
However, there are currently no therapeutic treatment options that can halt or prevent disease 
progression. Advancements in laboratory research techniques allow for mapping of major 
pathways in disease progression and identification of potential therapeutic targets. Advances 
in biofabrication, bioengineering, and biomaterials yield more clinically relevant models, as 
well as novel drug delivery approaches. Yet, a representative human model of aortic valve 
calcification is lacking. 

Aortic valve interstitial cells inhabit the flexible, dynamic, 3D environment of the aortic 
valve. They are mechanosensitive cells that maintain and remodel the fibrous extracellular 
matrix, which makes up the three distinct aortic valve leaflet layers that constantly stretch 
and relax as the valve opens and closes. However, in a laboratory setting, cells are mostly 
cultured in stiff, 2D polystyrene flasks, and these culture systems do not accurately represent 
the native environment of these cells. As a result, the aortic valve interstitial cells behave 
differently in vitro than they would in the heart valve. A model that would mimic the flexible, 
3D extracellular matrix, would be a better representation of the native aortic valve to study 
aortic valve disease.

Newly identified RNAs play a role in the biopathology of aortic valve disease. Non-coding 
RNAs are strands of nucleic acid that do not code for protein transcription directly, but rather 
regulate protein expression in cells on a post-transcriptional level. They can stimulate or 
inhibit protein production and thereby maintain healthy protein levels in the cell. Differential 
expression of these non-coding RNAs has been found to play a role in disease development, 
and non-coding RNA can thus be targeted or used for therapeutic purposes. One of the main 
challenges for these RNA therapeutics is controlled delivery and stability. Serum nucleases 
break down naked RNA molecules, and entering cells is difficult due to their charge. Chemical 
modifications and carriers are commonly researched to improve stability and delivery, and 
there is a great potential for delivery strategies based on RNA therapeutics. 
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The main objectives of the research presented in this thesis are to develop a representative in 
vitro model of human aortic valve disease, and to engineer a drug delivery platform to deliver 
non-coding RNA over an extended period of time. These are important next steps towards a 
better understanding of aortic valve disease, towards identification of therapeutic targets, and 
towards a therapeutic treatment that can slow or halt disease progression.

Chapter 1 introduces the anatomy of the aortic valve and pathobiology of calcific aortic 
valve disease. Known microRNAs involved in aortic valve disease are discussed, and the 
opportunities for microRNAs as therapeutic agents are identified. Additionally, requirements 
for better and more accurate in vitro models of aortic valve disease are proposed. The 
identified challenges and opportunities form the basis for the research presented in this thesis. 
Applying the previously outlined recommendations, Chapter 2, describes how the first human 
3D bioprinted heart valve disease model is engineered. Nano-indentation is used to measure 
the biomechanical properties of the individual layers of the native aortic valve, which are in 
turn replicated in the model by fine-tuning the concentration and ratio of biopolymers used 
to mimic the aortic valve extracellular matrix. Non-diseased aortic valve interstitial cells 
are mixed with these gelatin- and hyaluronic acid-based biopolymers and bioprinted into 
3D constructs with the same mechanical properties as the native valve. The cells inside the 
constructs are exposed to osteogenic factors to mimic disease progression. Chapter 3 is taking 
a first important step towards using the 3D aortic valve disease in vitro model in search of novel 
therapeutics by testing the effect of manipulating microRNA expression on the formation of 
microcalcifications in calcific aortic valve disease. Specifically, aortic valve interstitial cells 
are producing microcalcifications in the 3D constructs as a result of osteogenic stimulation 
and microRNA-214 expression is either increased or repressed via mimics or anti-miRs, 
respectively. Overexpressing miR-214 results in the formation of fewer microcalcifications 
compared to non-transfected controls. 

In a broader perspective, Chapter 4 describes the role of non-coding RNAs in cardiac 
regeneration, the repair of cardiac tissue, which in turn enhances or restores the functional 
capabilities of the heart. Specifically, it studies the role of non-coding RNAs in species with 
inherent cardiac regenerative capacity to uncover and understand the mechanisms that drive 
cardiac regeneration, such as cardiomyocyte proliferation and neovascularization. Elaborating 
on the regenerative capacity in lower vertebrates and rodents and their role as scientific models 
aids in comprehending the role of non-coding RNAs in cardiomyocyte proliferation and 
neovascularization. In order to use these non-coding RNAs for therapeutic purposes, reliable 
delivery strategies need to be developed. Chapter 5 describes how a drug delivery system is 
engineered to deliver microRNA therapeutics locally that are released over an extended period 
of time. An injectable, self-healing hydrogel is designed to release microRNA therapeutics 
coupled to gold nanoparticles. The interaction of a polymer chain with a nanoparticle gives this 

|  Preface 
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gel shear-thinning and self-assembling properties, making it suitable for injection. The gold 
nanoparticles are functionalized with a polymer for stability, a peptide to facilitate cellular 
uptake, and microRNA therapeutics. The gold nanoparticle-coupled miRNAs were released 
from the hydrogel over the course of several days, proven functional in an in vitro assay, and 
shown to infiltrate the cells in the 3D valve disease model. Furthermore, biodistribution of the 
gold nanoparticle-coupled miRNA after subcutaneous injection of the loaded hydrogel in mice 
showed hepatic and renal clearance. 

The studies presented in this thesis are summarized in Chapter 6, discussing the major 
findings and future directions. 
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ABSTRACT

Calcific aortic valve disease (CAVD) is the most prevalent valvular heart disease in the 
Western population, claiming 17000 deaths per year in the United States and affecting 25% 
of people older than 65 years of age. Contrary to traditional belief, CAVD is not a passive, 
degenerative disease but rather a dynamic disease, where initial cellular changes in the valve 
leaflets progress into fibrotic lesions that induce valve thickening and calcification. Advanced 
thickening and calcification impair valve function and lead to aortic stenosis (AS). Without 
intervention, progressive ventricular hypertrophy ensues, which ultimately results in heart 
failure and death. Currently, aortic valve replacement (AVR), surgical or transcatheter, is the 
only effective therapy to treat CAVD. However, these costly interventions are often delayed 
until the late stages of the disease. Nonetheless, 275000 are performed per year worldwide, 
and this is expected to triple by 2050. Given the current landscape, next-generation therapies 
for CAVD are needed to improve patient outcome and quality of life. Here, we first provide 
a background on the aortic valve (AV) and the pathobiology of CAVD as well as highlight 
current directions and future outlook on the development of functional 3D models of CAVD 
in vitro. We then consider an often-overlooked aspect contributing to CAVD: miRNA (mis)
regulation. Therapeutics could potentially normalize miRNA levels in the early stages of the 
disease and may slow its progression or even reverse calcification. We close with a discussion 
of strategies that would enable the use of miRNA as a therapeutic for CAVD. This focuses on 
an overview of controlled delivery technologies for nucleic acid therapeutics to the valve or 
other target tissues.

Keywords: aortic valve, calcification, 3D model, drug delivery, microRNA (miRNA)
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INTRODUCTION

The most prevalent heart valve disease in Western societies is calcific aortic valve disease 
(CAVD), claiming 17000 lives per year in the United States alone [1] and affecting 25% of 
people older than 65 years of age [2]. CAVD is a dynamic disease; initial cellular changes that 
begin at the base of valve leaflets manifest into fibrotic lesions that induce valve thickening, 
termed aortic sclerosis [3]. The disease later progresses to calcification of the valve, where 
large calcific masses gradually impair leaflet motion and valve function, eventually causing 
aortic stenosis (AS) [4]. Without intervention, progressive ventricular hypertrophy ensues, 
which ultimately results in heart failure and death. CAVD treatment remains challenging as it 
is difficult to visualize or detect calcification in the early, asymptomatic stage (Figure 1) and 
no pharmacological therapies have been developed to slow or halt the progression of CAVD 
[5]. Although lipid-lowering therapy was proposed as a potential therapy for CAVD based on 
identified lesions similar to those in atherosclerotic plaques, it was shown to be ineffective in a 
meta-analysis of randomized placebo-controlled clinical trials on 2344 patients [6]. Currently, 
aortic valve replacement (AVR) remains the only available clinical treatment option for AS 
[7]. These costly and invasive procedures are often delayed until a patient’s functional leaflet 
movement is severely impaired by gross calcium deposition [8]. Each year, over 275000 
patients undergo surgical AVR worldwide [9] and this number is projected to triple by 2050 [9]. 
The emergence of transcatheter AVR technologies in 2002 created a less-invasive alternative; 
however, due to an increased risk for complications, this option is currently reserved for 
patients with severe comorbidities who are unsuitable for conventional open-heart surgery 
[10]. To date, there have been more than 80000 transcatheter AVRs performed worldwide 
[11]. As the prevalence of CAVD is expected to increase with the rising global life expectancy, 
CAVD becomes a growing burden that demands further understanding of the disease process 
and exploration of potential non-invasive (drug-based) therapies.

In this review, we provide a background on the aortic valve (AV) and the pathobiology of 
CAVD. We then highlight current directions in the community to develop functional 3D 
models of the AV as tools to dissect pathological processes in a controlled manner as well 
as forecast future directions in the development of in vitro valve models. Additionally, we 
consider an often-overlooked aspect of valve biology and pathology: miRNA regulation and 
misregulation. miRNAs present an attractive therapeutic alternative to intervene early during 
the disease process and potentially delay or even reverse disease processes after initiation. For 
miRNAs and other potential (bio)therapeutics, the controlled delivery of the molecules to the 
target tissues and cells of the valve is an additional challenge. In the present study, we review 
current directions within the drug-delivery community and suggest how they may affect the 
treatment of CAVD.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R3
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R5
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R6
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R7
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R8
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R9
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R9
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R10
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R11
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Figure 1 - CAVD progression
Initiation, propagation and late-stage calcification are three distinct stages of calcification in CAVD that can be 
identified by molecular imaging. Macrophages are labelled green and calcification is labelled red in a molecular 
imaging strategy to highlight the inflammation-dependent mechanism of calcification [128].

THE AORTIC HEART VALVE

The AV is located at the junction between the left ventricle and the aorta and ensures 
unidirectional blood flow into the systemic circulation from the heart. In a healthy AV, the 
three thin, semilunar leaflets recoil and open the pathway for blood flow during systole. When 
the heart relaxes during diastole, under the backpressure from the aorta, the leaflets stretch and 
seal the orifice, preventing regurgitation of blood into the left ventricle. Hence, an efficient 
opening and closing of the AV is imperative to the proper functioning of the heart. The valvular 
tissue microstructure, particularly the composition and orientation of the extracellular matrix 
(ECM), plays an important role in maintaining the mechanical and biochemical behavior of 
the valve. Each leaflet has a complex architecture and comprises three distinct layers: the 
ventricularis, the spongiosa and the fibrosa. The zona fibrosa, closest to the outflow surface, 
is a layer densely packed with collagen fibers that provide the tensile strength needed to 
bear diastolic stress and prevent leaflet prolapse. The zona spongiosa predominantly consists 
of glycosaminoglycans and proteoglycans and acts as a bearing surface, reducing friction 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R128
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between the zona fibrosa and the zona ventricularis. The zona ventricularis is an elastic layer 
rich in elastin fibers that allow the leaflet to extend and recoil [12]. There are two major 
types of valve cells that populate the AV and maintain its health: the valve endothelial cells 
(VECs) that coat the blood-contacting surfaces and the more abundant valve interstitial cells 
(VICs) that populate the three distinct layers of the leaflets. VICs are a heterogeneous and 
dynamic cell mixture; multiple VIC phenotypes have been identified in AV leaflets [13]. The 
role of VICs includes synthesizing, degrading, and repairing the ECM, which are all crucial in 
maintaining the tissue homoeostasis of the valve and its function.

PATHOBIOLOGY OF CAVD

Cell phenotypes contributing to the disease progression
Based on its association with aging, CAVD was traditionally assumed to be a passive, 
degenerative disease resulting from years of wear and tear due to mechanical stress. However, 
CAVD is now viewed as an active, cellular-driven disease [14]. In native healthy AVs, VICs 
reside primarily as quiescent fibroblast-like cells but can undergo phenotypic activation in 
response to injury or pathology (Figure 2). Upon exogenous pathological stimulation, VICs 
can differentiate into activated myofibroblast-like cells (aVICs), which undergo tissue repair 
and remodeling [15]. Persistent activation of VICs leads to pathological ECM remodeling 
and valve fibrosis [15]. These pro-fibrotic cells are characterized by increased expression 
of markers such as α-smooth muscle actin (α-SMA) [16]. Further, myofibroblast-like cells 
can differentiate into osteoblast-like cells (oVICs), which are ultimately responsible for 
the deposition of calcium and formation of osteogenic nodules. These pro-calcific cells are 
characterized by the presence of osteoblast-related proteins such as osteocalcin, osteonectin, 
and osteogenic transcription factors such as runt-related transcription factor 2 (Runx2) [17,18]. 
In addition, expression of progenitor cell markers has been identified in distinct subpopulations 
of VICs. Particularly, VICs positive for the progenitor cell marker ATP-binding cassette, sub-
family G, member 2 (ABCG2) were found to deposit a more calcified matrix upon osteogenic 
induction, suggesting a possible role in the development of osteogenic VICs during valve 
pathology [19]. Furthermore, the level of circulating osteogenic progenitor cells in CAVD 
patients was significantly higher than in control patients in a study of 46 patients and 46 
control subjects [20].

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R12
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R13
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R14
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R15
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R15
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R16
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R17
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R18
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R19
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R20
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Figure 2 - Molecular and cellular mechanisms in CAVD
VICs differentiate from a quiescent state (qVIC) through an activated state (aVIC) into osteogenic cells (oVIC) that 
contribute to calcification of the fibrosa side of the AV. Mechanical stresses, EndMT, LDL, TGF-β and TNF-α affect 
the mechanism of disease via multiple pathways, including RANK, RANKL, OPG, α-SMA, Runx2 and BMP.

Mechanisms and signaling pathways
CAVD is multifactorial disease; many mechanisms and events contribute to the development 
of CAVD. In vivo studies have shown that early CAVD lesions initiate on the fibrosa side 
of the valve [21]. Pathological triggers such as growth factors, inflammatory cytokines, 
subendothelial deposits of oxidized low-density lipoproteins (LDLs), mechanical stress, and 
oxidative stress have been described to cause endothelial dysfunction, which in turn may 
initiate the activation of VICs [22–26]. In addition to VIC activation, VECs are known to 
have the capacity to differentiate into endothelial-derived VICs (eVICs) through endothelial-
to-mesenchymal transition (EndMT) and can further differentiate into osteoblastic cells, 
promoting pathological remodeling in CAVD. It has been demonstrated that VIC–VEC 
communication is critical to maintain valve homoeostasis [27], and that disruption of VIC–
VEC communication accelerates the EndMT process, advancing valvular osteogenesis [28].

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R21
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R22
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R26
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R27
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R28
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At the molecular level, a number of studies have shown increased expression of various 
osteogenic factors and signaling pathways that may be involved in CAVD. For example, 
pathological ECM remodeling contributes to the release of cytokines, such as transforming 
growth factor β 1 (TGF-β1) and tumor necrosis factor α (TNF-α), which are potent inducers of 
VIC myofibroblast activation [29,30]. Notably, TGF-β1 works in synergy with its downstream 
effector osteoblast-cadherin through a number of downstream signaling pathways, such as 
extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) and the similar to mothers 
against decapentaplegic 2 and 3 (SMAD2/3) pathways, in the regulation of myofibroblast 
activation of VICs [31]. Moreover, bone morphogenetic protein 2 (BMP-2), a key inducer of 
VIC calcification, is thought to act through p-SMAD1/5/8 and p-ERK1/2 signaling to increase 
Runx2 expression [32]. On the other hand, Notch signaling has been demonstrated, through 
in vivo studies, as a negative regulator that represses osteoblast-like calcification pathways 
mediated by BMP-2 [33]. In addition, inflammation stimulates osteoblast differentiation; 
cytokines produced by inflammatory cells affect the expression of receptor activator of 
nuclear factor κ-B ligand (RANKL) and osteoprotegerin (OPG) in the RANKL/receptor 
activator of nuclear factor κ-B (RANK)/OPG pathway and consequently stimulate the Runx2 
pathway [30]. Studies also found that excess of circulatory LDL acts through the low-density 
lipoprotein receptor-related protein 5 (LRP5)/Wnt signaling pathway, which stimulates the 
Runx2-mediated pathway and thereby induces mineralization [34]. Interestingly, studies have 
also suggested that mechanical stiffness promotes VIC activation through an up-regulation 
of phosphoinositide 3-kinase (PI3K)/Akt signaling pathway [35,36]. Although a number of 
pathophysiological cues have been associated with the activation of VICs leading to CAVD, 
knowledge on the regulation of pathologic changes in VIC phenotype is still limited due to 
the unavailability of adequate disease models. Understanding the mechanism involved in VIC 
regulation of tissue homoeostasis requires a suitable in vitro system that closely resembles the 
in vivo microenvironment native to the AV.

TOWARDS 3D CAVD MODELS

Understanding the cellular contribution to the progression of CAVD has proven to be challenging 
both in vivo and in vitro. Although in vivo animal models, such as porcine and murine models, 
offer complexity comparable with that in humans, these models are often based on high 
cholesterol diets to induce hypercholesterolaemia and subsequent atherosclerosis, which is not 
currently considered as a main etiology of CAVD [5]. In addition, most common 2D in vitro 
approaches have been shown to spontaneously activate pathological differentiation of VICs 
into myofibroblast-like cells. Furthermore, the contributions that knowledge of valvulogenesis 
could make to improve in vitro models are often overlooked [37]. Soft hydrogels have maintained 
VIC phenotype ex vivo [35]; however, they lack the complexity of VIC–VEC interactions and 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R29
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R30
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R31
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R32
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R33
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R30
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R34
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R35
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R36
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R5
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R37
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R35
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multilaminate structure in the native valve. Emerging evidence suggests that hydrogel-based 
3D culture systems may provide a more tissue-like environment given their similarity to the 
natural ECM [38]. Recent studies have used various materials, such as hyaluronan hydrogels 
[39] and synthetic PEG-based hydrogels [38,40], to engineer heart valve tissue scaffolds for 
the study of VIC behavior. VICs cultured in materials derived from natural ECM polymers, 
such as collagen and fibrin, showed high viability; however, these hydrogel materials are 
not ideal due to their susceptibility to degradation and compaction [41]. On the other hand, 
methacrylated gelatin (GelMA) and methacrylated hyaluronic acid (HAMA) have successfully 
been used as a photocrosslinkable VIC-laden hydrogel scaffold. However, GelMA alone posed 
challenges to quick degradation whereas HAMA alone demonstrated limited cell adhesiveness. 
Recently, we utilized a hybrid GelMA–HAMA hydrogel platform to encapsulate VICs, which 
maintained VICs in a quiescent phenotype. These quiescent VICs further differentiated into 
myofibroblast-like cells upon TGF-β1 stimulation [28] and osteoblast-like cells when treated 
with osteogenic medium [42]. In addition, our recent study demonstrated the formation and 
growth of microcalcification recapitulating early disease states of native cardiovascular tissue 
[43]. Although these 3D hydrogel platforms provided controllable models that more closely 
recapitulate the in vivo environment to study the transition of VICs from a quiescent to an 
activated phenotype and formation of microcalcifications, they were not complete as they did 
not include the three distinct layers present within the native valve that contribute independently 
to the calcification process or the layer of endothelial cells that covers the leaflets. For future 
improvement, 3D-bioprinting technologies present promising approaches for engineering 
better representations of the native valve by incorporating all three distinct layers of the valve 
(Figure 3). A layer of endothelial cells can be co-cultured on top of the three layers to mimic 
cell–cell communication and paracrine signaling in the native valve. Moreover, the benefit 
of an automated system may alleviate some construct-to-construct variability and increase 
reproducibility as opposed to manual pipetting. This new approach could further be used to 
study cellular and molecular mechanisms of CAVD and serve as a drug-screening tool to aid 
in the development of a therapeutic treatment for CAVD. Furthermore, 3D printing opens 
doors to other disciplines as well, such as tissue engineering and biofabrication. Expanding 
the tri-layered 3D model to a geometrically accurate AV is the first step towards understanding 
how hemodynamic flow patterns affect the disease development when studied in a bioreactor. 
These efforts could lead to personalized tissue-engineered biofabricated heart valves that can 
be seeded with a patient’s autologous living valve cells, replacing the current prosthetic valves 
in AVR, bringing personalized therapy one step closer to reality. AV replacement is the current 
gold standard of therapy, but with the current advances of in vitro disease modeling and drug 
screening, an improvement through drug-based therapy is within reach and could potentially 
treat or even prevent CAVD.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R38
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R39
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R38
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R40
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R41
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R28
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R42
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R43
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/figure/F3/
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Figure 3 - 3D-bioprinted CAVD model 
Isolated human aortic VICs are suspended in a hydrogel pre-polymer solution with photo-initiator cross-linking 
agent. Three distinct layers are bioprinted and cross-linked using UV light. Exposure to osteogenic medium (OM) 
activates the quiescent VICs to differentiate into activated VICs and osteogenic VICs, leading to the formation of 
microcalcifications, thereby mimicking CAVD progression.

Unfortunately, common valve specific drug targets required for pharmacologic approaches to 
treat vascular disease are not transferable to CAVD [5]. These targets could include G-protein 
coupled receptors, cadherin-11, or lipids, and can be targeted with small molecules, antibodies 
or nucleic acid therapeutics. Identifying if other pathways could be potential drug targets in 
CAVD and validating these approaches may be studied in appropriate 3D disease models of 
CAVD. In the next section, we will focus on potential drug targets and provide an overview of 
the candidates for therapeutic targeting, highlight modifications to improve their function and 
discuss potential delivery strategies.

miRNA IN AORTIC VALVE DISEASE

Biogenesis and activity of miRNA
miRNAs and miRNA regulation are often overlooked as therapeutic targets, especially in 
cardiac valve disease. miRNAs were first discovered by Victor Ambros and his team in 
1993 [44]. They found that the lin14 gene codes not for a protein but for a pair of small 
RNAs, later named ‘microRNA’ (miRNA or miR). Functional mature miRNAs are single 
stranded, approximately 22 nucleotides long, RNAs that regulate protein expression by partial 
complementary binding to their target mRNA, thus inhibiting its translation. RNA polymerase 
II transcribes primary miRNA transcripts (pri-miRNAs) that contain one or multiple hairpin 
loops [45]. Drosha, a dsRNA-specific type III endoribonuclease, and DiGeorge syndrome 
critical region gene 8 (DGCR8) process pri-miRNAs into precursor miRNAs (pre-miRNAs) 
of approximately 70 nucleotides [46,47]. If correctly processed, nuclear export factor exportin 
5 transports pre-miRNAs from the nucleus to the cytoplasm where Dicer, endoribonuclease 
III, removes the hairpin loop yielding a miRNA duplex of 18–22 bp [48,49]. When the duplex 
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unwinds, the argonaute protein loads one strand, the guide strand or mature strand, into the 
RNA-induced silencing complex (RISC) [50]. This can lead to mRNA degradation or to 
obstruction of translation, depending on the level of complementarity between the mRNA 
target and the miRNA [51–53]. The other strand, the passenger strand, is often degraded 
although in selected cases it also serves as a functional miRNA. The complete process of strand 
selection is not yet fully understood. Argonaute and Dicer are two of the multiple proteins that 
play a role in this process [54]. Since the discovery by Ambros and his team, upwards of 1800 
miRNAs have been identified in humans regulating a broad range of biological processes [55]. 
On account of the imperfect base pairing of miRNAs and their target mRNAs, one miRNA 
can affect multiple processes. Assigning the mRNA targets and biological roles to a miRNA 
has identified expression patterns specific to tissues, developmental processes, and disease 
development [56]. From these findings, miRNAs are now thought to be key regulators of 
pathological processes in cardiovascular diseases, including cardiovascular calcification [57]. 
Furthermore, circulating miRNAs can potentially function as biomarkers for early detection 
of heart disease [58,59] for modification of disease mechanisms, and for determining the 
ideal timing of surgical intervention [60]. Here, we provide an overview of studies that have 
identified miRNAs in CAVD and AS.

Known miRNAs in aortic valve disease
miRNAs that have been identified in cardiovascular diseases serve as regulators of multiple 
processes (Figure 2) [61]. Using the broad parameters “aortic | valve”, Abcam Firefly Discovery 
Engine identified 30 publications on 41 miRNAs related to various biological processes, 
including fibrosis (miR-21 [62]), inflammation (miR-125b [63]; miR-148a [64]), differentiation 
(miR-204 [65]), and calcification (miR-141 [66]; miR-204 [65]; miR-30b [67]; miR-214 [68]). 
Tables 1 and  and22 provide an overview of the profiling and functional studies that have been 
conducted to highlight the roles of these miRNAs in their respective target pathways.

As shown in Table 1, five of these studies used a miRNA candidate approach or microarray 
to identify the expression of miRNAs in AV leaflets from patients with AS undergoing AVR 
surgery. Real-time quantitative PCR (RT-qPCR) validated microarray data. First, AS patients 
were compared with aortic insufficiency patients, which demonstrated that in bicuspid valve 
samples miR-26a, -30b and -195 were down-regulated in patients with AS [69]. Second, 
microarray profiling identified 35 differentially expressed miRNAs between bicuspid and 
tricuspid AVs in patients with AS [66]. RT-qPCR validated down-regulation of miR-141. 
Third, a comparison of calcified and non-calcified AV tissues confirmed lower expression 
levels of miR-30b in the calcified valves using RT-qPCR [67]. Fourth, down-regulation of 
miR-148-3p was shown in bicuspid compared with tricuspid valves [64]. Fifth, microarray 
analysis of calcified valve tissue compared with control tissue yielded the identification of up-
regulated miR-125b, and down-regulated miR-374b, -602 and -939 [63].
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Table 1 - Overview of miRNA profiling studies in CAVD
This table provides an overview of the differentially expressed miRNAs in diseased AV tissues. AI, aortic 
insufficiency; TAV, tricuspid aortic valve.
miRNA Tissue Finding Method Patients Reference

26a, 30b, 195 Whole bicuspid 
AVs

Down-regulated Microarray + 
RT-qPCR

9 BAV patients 
with AS/AI

[69]

30e, 32, 145, 151-3p, 
152, 190, 373, 768-5p 22, 
27a, 124-3-pre, 125b-1-
pre, 141, 185-pre, 187, 
194, 330-5p, 377, 449b, 
486-3p, 551a-pre, 564, 
566-pre, 575, 622, 637, 
648-pre, 1202, 1282, 
1469, 1908, 1972

Bicuspid and 
tricuspid AVs

Up-regulated 
Down-regulated

Microarray + 
RT-qPCR

19 BAVs 17 
TAVs patients 
with AS

[66]

30b Calcific AV and 
adjacent tissue

Down-regulated RT-qPCR 10 patients with 
AS

[67]

148-3p Excised AV 
tissue

Down-regulated RT-qPCR 4 BAVs 
compared with 
healthy AV

[64]

125b 374b, 602, 939 Calcific AV and 
healthy AV

Up-regulated 
Down-regulated

Microarray + 
RT-qPCR

20 patients with 
AS

[63]

214 Porcine AV Up-regulated Microarray + 
RT-qPCR

Ex vivo 
shear stress 
calcification 
model

[20]

Table 2 - Overview of functional studies of miRNAs and their roles in CAVD
This table provides an overview of the differentially expressed miRNAs in diseased AV tissues that have been 
validated in functional studies. haVIC, human aortic valve interstitial cell; paVIC, porcine aortic valve interstitial 
cell.

miRNA Target (genes) Cell Results
30b RUNX2, SMAD1, 

CASP3, SMAD3, 
BMP2, NOTCH1

haVICs Vitiates BMP2-induced osteoblast differentiation and apoptosis 
through direct targeting of Runx2, Smad1 and caspase-3 [67]. 
Down-regulates calcification-related gene pathways [69]

26a ALPL, BMP2, SMAD1 haVICs Repressed several of the calcification-related genes and increased 
the mRNA levels of genes that may have roles inhibiting 
calcification (JAG2, SMAD7) [69]

195 BMP2, RUNX2, 
SMAD1,-3,-5 JAG2, 
SMAD7

haVICs Activates pro-calcification gene expression [69] 
Increases calcification repressing genes JAG2 and SMAD7 [69]

148a-3p IKBKB haVICs Cyclic stretch represses miR-148a-3p and activates NF-κB-
dependent inflammatory signaling pathway [64]

141 BMP2 paVICs Blocks TGF-β-triggered BMP2 signaling [66]

204 RUNX2, BMP2 haVICs Negatively regulates osteogenic differentiation by repressing 
RUNX2 [65]

214 TGF-β1 paVICs Regulates TGF-β1 regulator of calcification in early stages of 
CAVD [68]

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R69
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R66
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R67
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R64
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R63
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R20
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R67
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R69
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R69
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R69
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R69
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R64
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R66
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R65
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5459552/#R68


22 |  Chapter 1

To understand the role these miRNAs play in AV pathophysiology, functional studies have 
been conducted in 2D in vitro models. Table 2 provides an overview of current knowledge of 
miRNAs and their target genes in fibrocalcific valve remodeling. Multiple studies demonstrated 
that miR-30b is functionally involved in the prevention of osteogenesis and apoptosis by 
direct targeting of Runx2, Smad1, and caspase-3 [67,69]. Similarly, miR-26a down-regulates 
multiple genes related to calcification [69], miR-141 blocks TGF-β-triggered BMP-2 signaling, 
and miR-204 represses Runx2 [66], consequently inhibiting osteogenic differentiation [65]. 
Thus, valve calcification could be caused by negative regulation of these miRs, which would 
abrogate various protective mechanisms. Furthermore, abnormal hemodynamics around the 
AV, as observed in patients with AS, aid disease progression by activating an inflammatory 
response through the NF-κB-dependent signaling pathway, which may be a result of miR-
148a-3p repression [64]. This pathway is also activated in the aortic VECs on the fibrosa layer 
of the valve by shear-sensitive miR-139-3p, -187, -192, and -486-5p [70]. This inflammatory 
response recruits immune cells to the valve, increasing the levels of CCL4 chemokine and, 
as a consequence, down-regulating miR-125b in infiltrating macrophages [63], leading to 
calcification. Conclusively, AV disease progression is stimulated by inhibition of miRs that 
regulate protective mechanisms and by disturbed hemodynamics that activate an inflammatory 
response. Lastly, it is hypothesized that osteoblast differentiation, by repressing the activity 
of TGF-β type I receptor as part of the osteoblast lineage commitment program [71] and by 
inhibiting osteonectin expression through canonical Wnt pathway, applies to valve calcification 
in a similar fashion.

In addition to the classic approach of miRNA array analysis and RT-qPCR validation, a recent 
study identified miR-214 as a regulator of AV calcification via the TGF-β1 pathway using an 
ex vivo shear and calcification model with porcine aortic VECs. The porcine miRs identified 
in the present study are homologous with human miRs, as confirmed by miRBase. In the shear 
and calcification model, the cells were subjected to oscillatory shear stress for 2 days. When 
the fibrosa side was exposed to the oscillatory shear, calcification was triggered, whereas 
no calcification was observed when the ventricularis side of the valve was subjected to the 
same condition. In these experiments, miR-214 was significantly up-regulated by oscillatory 
shear in the fibrosa side compared with the ventricularis side and compared with fresh AV 
tissue. These results support the conclusion that in fibrosa miR-214 is regulated in a shear- 
and location-dependent fashion. Immunofluorescent staining of TGF-β1 revealed increased 
expression in the fibrosa layer in the endothelium, sub-endothelium, and in the interstitial cells 
upon miR-214 silencing. This strongly suggests that miR-214 serves as a key regulator of AV 
calcification through modulation of TGF-β1 signaling. Inhibiting miR-214, however, did not 
attenuate calcification initiated by exposure to oscillatory shear, which suggests that miR-214 
modulates gene expression in AV disease in the early stages of AV pathogenesis rather than 
the late stages [68].
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Moreover, the aforementioned circulating osteogenic progenitor cells are thought to play 
a significant role in CAVD pathogenesis. A recent study that compared AS patients with 
control subjects showed that these circulating osteogenic progenitor cells may be regulated 
by miRNAs. Specifically, miR-30c levels were higher in the AS groups compared with the 
control group, whereas miR-31, -106a, -148a, -204, -211, and -424 levels were lower. The 
study also highlighted a correlation between miR-30c expression levels and calcification in 
AS patients, and that the level of miR-30c and the number of circulating osteogenic progenitor 
cells decreased after AVR. The study concluded that differential expression of ossification-
related miRNAs could be related to the differentiation into circulating osteogenic progenitor 
cells [20].

Recently, we have shown that extracellular vesicles play a role in cardiovascular calcification 
[72–74,43,75]. In addition, it was shown that these calcifying vesicles are exosomes [76] 
and that they may contain miRNA [77–80]. It is yet to be determined how these extracellular 
vesicles release their content and by which mechanisms they interact with cells and the ECM 
to induce formation of microcalcifications. Evidence of the presence of miRNA in calcifying 
extracellular vesicles gives weight to the hypothesis that these miRNAs can be potential 
therapeutic targets for CAVD.

miRNAs AS THERAPEUTIC TARGETS

The discovery that miRs play essential roles in a plethora of biological processes and that 
differential expression of miRNAs is a common contributor to cardiovascular disease, 
specifically to inflammatory responses and calcification, has sparked interest in targeting 
miRNAs with therapeutics. Expression vectors, small-molecule inhibitors, antisense 
oligonucleotides (ASOs) (or antagomirs or antimiRs), and miR-mimics are the four avenues 
that are currently explored for therapeutic intervention.

Expression vectors, or miRNA sponges, are artificial miRNA-binding sites that isolate 
endogenous miRNAs when overexpressed for a specific mRNA, consequently eliminating 
the effect the miRNAs have on their target mRNA [81]. Small molecule-based approaches 
function as translational regulators of the target miRNAs, rather than targeting the miRNAs 
themselves. Due to the high effector concentration for half-maximum response (EC50) and the 
unknown direct targets, the therapeutic potential of small-molecule inhibitors is constrained. 
AntimiRs are fully complementary to their specific target miR and, by binding to them, relieve 
mRNA targets from degradation or translational blockage by the specific miR. Oligonucleotides 
without any modification or encapsulation are prone to serum nucleases, have a low binding 
affinity for their target miRs, demonstrate poor pharmacodynamics/pharmacokinetics (PD/
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PK), and are incapable of crossing negatively charged cell membranes on account of their 
positive charge. The next section therefore highlights several modifications and multiple 
delivery strategies used to improve the therapeutic use of miR and antimiR oligonucleotides.

Chemical modifications of miRs and antimiRs
It is imperative to improve stability and efficacy of miR and antimiRs, and to reduce their 
degradation by serum nucleases, prior to applying these oligonucleotides as therapeutic 
agents. Stability can be increased by 2′-O-methyl (2′-OMe) modification, though this does 
not increase the resistance to serum nucleases [82]. 2′-OMe oligonucleotides can be further 
stabilized by replacing non-bridging oxygen atoms in the phosphate backbone with sulfur 
atoms, creating phosphorothioate bonds, making them less susceptible to serum nucleases that 
cleave phosphate bonds. Replacing all non-bridging oxygen atoms, however, often removes 
all binding affinity for the target miRNA [83]. Replacing a limited number of phosphodiester 
bonds with phosphorothioate bonds allows for more nuclease resistance without reducing 
the binding affinity. Injecting these phosphorothioate-modified (anti)miRs directly into the 
bloodstream prolonged their time in the circulation due to their higher plasma protein binding, 
which improved their PD/PK. This does not inhibit uptake by tissues, as the plasma protein 
binding affinity is still lower than the binding affinity of tissues [84].

Further chemical modification of (anti)miRNA strands leads to improved efficacy and 
tissue distribution in vivo. Specifically, a combination of 2′-OMe modifications, asymmetric 
phosphorothioate modification on the 3′ and 5′ ends, plus a 3′ cholesterol tail is now a 
commonly used strategy for stable miRNA modification [85,86]. At the same time, additional 
modifications at the 2′ sugar position were shown to improve nuclease resistance and binding 
affinity. These modifications are 2′-O-methoxyethyl (2′-MOE), 2′-fluoro (2′-F), and locked 
nucleic acid (LNA) modifications. Superior efficacy was achieved by 2′-MOE-modifications 
over 2′-OMe-modification [87,88]. 2′-F-modifications alone do not yield nuclease-resistant 
oligonucleotides, though in combination with phosphorothioate backbone modification, these 
oligonucleotides achieved better miRNA inhibition than any of the aforementioned modified 
oligonucleotides [89]. LNA modifications achieve a higher binding by tethering the 2′ oxygen 
via a methylene bridge to the 4′ carbon [90]. The best miRNA inhibition at a low dose with 
increased efficacy was achieved by combining LNA modifications in a recurring pattern of 
two DNA bases and one LNA base with 2′-F modifications [82]. This higher binding affinity 
creates room for miRNA inhibition with shorter sequences, and for oligonucleotides that 
only bind the seed region of their target miRNAs [91]. This evidence supports the hypothesis 
that one individual oligonucleotide with LNA modification can silence an entire miRNA 
family without inducing any off-target effects (OTEs). More recent modifications focus on 
changing the oligonucleotide conformation at non-nucleotide locations. N,N-diethyl-4-(4-
nitronaphthalen-1-ylazo)-phenylamine (ZEN) modification at both ends of the sequence 
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increases binding affinity and efficiency of a 2′-OMe-modified oligonucleotide, while 
simultaneously reducing toxicity [92]. All of these discoveries demonstrate the tremendous 
achievements in improving binding affinity, nuclease resistance, and efficacy of (anti)miRs. 
However, for in vivo applications of (anti)miRs as nucleic acid therapeutics, a delivery vehicle 
is often required to achieve optimal efficacy at a reasonable dose.

Delivery vehicles for miR and antimiR oligonucleotides
Despite the improvements with direct chemical modification of miRNA molecules, delivery 
efficiency is largely dependent on the design of delivery vehicles for in vivo applications. 
Limited tissue distribution and excretion occur shortly after administration when chemically 
modified (anti)miR oligonucleotides are introduced without a carrier, requiring a higher dosage 
to achieve in vivo effect, thereby increasing the chances of undesirable OTEs and increasing 
overall cost. Thus, the engineering of an appropriate delivery system is critical to efficient 
in vivo application of miR and antimiRs. The main functions of these delivery systems are 
protecting against nucleases to prevent premature degradation [93], avoiding recognition by the 
immune system, preventing non-specific interactions with other proteins and cells, preventing 
excretion via the liver and kidneys, exiting the circulation into the target tissue, facilitating 
uptake by the target cells, and releasing their content intracellularly for incorporation into the 
RNA processing machinery [94–100]. There are many approaches to aid in the delivery of 
(anti)miRs, including polymer-, lipid-, conjugation-, antibody-, microbubble-, and inorganic 
nanoparticle-based approaches. We elaborate on some of the most promising strategies here.

Nanoparticle/polymer-based approaches focus on the interaction between the (anti)miRs and 
the functional block of the polymer, allowing more flexibility while controlling nanoparticle 
size, yielding a nearly homogeneous solution of nanoparticles with minimal size distribution. 
Effective drug delivery in vivo is highly dependent on the size of the nanoparticles. Nanoparticles 
with a diameter between 10 and 100 nm have been shown to functionally deliver (anti)miRs, 
siRNA, and small molecules [101]. Common polymers used for the synthesis of this kind of 
nanoparticles include polyethyleneimine (PEI), poly(lactic acid) (PLA), and poly-L-lysine 
(PLL).

Lipid-based approaches are based on the interactions between the hydrophobic group of 
lipids and water molecules that lead to the formation of micelles or liposomes [102] and 
release their content by destroying the stability of the endosomal membrane via fusogenic 
lipids or pH-sensitive peptides. This creates liposomes that can be categorized as neutral 
liposomes, ionizable lipids, fusogenic lipids, and PEG liposomes. Neutral liposomes interact 
little with serum proteins, because of their lack of charge, leading to improved stability 
[103,104]. Depending on both internal factors (lipid composition) and external factors (e.g. 
type of solution, temperature), liposomes of different sizes can be created. Typically, small 
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liposomes are 20–200 nm, large liposomes 200 nm–1 μm, and giant liposomes >1 μm [105]. 
Their relatively large size slows cellular uptake and can be counteracted by incorporating 
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine [106]. Cationic liposomes consist of a cationic 
head, a connecting bond, and a hydrophobic tail, and form complexes with the (anti)miR 
based on their electrostatic interaction with the negatively charged (anti)miR [107]. Fusogenic 
lipids have the capability to fuse with the target membrane without external stimulation to 
release their therapeutic content into the cell, facilitating delivery of therapeutics that would 
otherwise not be permeable to the cell membrane [108,109]. PEG liposomes have an increased 
PD/PK compared with non-PEGylated liposomes due to increased water solubility, reduced 
enzymatic degradation, limited immunogenic responses, and lower renal clearance [110].

Conjugation-based approaches rely on direct conjugation of the cargo to the delivery material. 
Conjugation of siRNA to cholesterol [111] and other lipophilic molecules [112] showed the 
first efficacy in vivo. Other delivery materials that have been tested are antibodies, aptamers, 
peptides, polymers, and small molecules [113]. One example is Dynamic PolyConjugates, 
which are injected intravenously and target hepatocytes in the liver using N-acetylgalactosamine 
(GalNAc) ligands. After endocytosis, the PEG decomplexes from the membrane-disrupting 
polymer poly(butyl amino vinyl ether) (PBAVE) due to the increasingly acidic environment 
inside the endosome, exposing this polymer and allowing for endosomal escape. The bond 
linking the siRNA to this polymer is reduced in the cytoplasm, releasing the functional 
siRNA, causing RNA interference [114]. Another example of a conjugate system uses the 
same hepatocyte targeting ligand GalNAc conjugated with siRNA. A triantennary spacer links 
the 3 end of the sense strand of the siRNA to three GalNAc molecules [115,116]. Alnylam 
Pharmaceuticals produced a GalNAc conjugate that was administered both intravenously 
and subcutaneously. The latter showed greater uptake of siRNA in the liver and increased 
knockdown [117].

Microbubbles have been used in combination with ultrasound to deliver antimiRs to 
the myocardium in an ischemia reperfusion mouse model [118]. The microbubbles are 
formed by vigor ously mixing 1,2-distearoyl-sn-glycero-3-phosphocholine, 1,2-stearoyl-
3-trimethylammonnium-propane and polyoxyethylene-40-stearate in H2O, glycerol and 
propylene glycol, in the presence of perfluorobutane gas. The antimiRs are bound to the 
microbubbles via electrostatic interaction between the cationic microbubble and the anionic 
antimiRs, and injected intravenously. Local ultrasound waves ensured destruction of the 
microbubbles releasing the antimiRs at the target location, a process named ultrasound 
triggered microbubble destruction (UTMD). This resulted in sustained intracellular delivery of 
the antimiRs in cardiomyocytes without causing apoptosis and with a mild immune response.
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A combinatorial approach of the aforementioned lipids results in the most effective transfection 
agents. Lipid nanoparticles (LNPs) (Figure 4) consist of an ionizable lipid that complexes 
with the siRNA, increases cellular uptake, and aids endosomal escape; a phospholipid that 
provides structure to the lipid bilayer; a cholesterol that provides stability to the lipid bilayer; 
and a lipid-anchored PEG that limits aggregations and non-specific uptake, and that lowers 
the degradation rate [119,120]. PEGylation of delivery vehicles reduces the non-specific 
interactions with serum proteins, immune cells, and non-target tissues, thereby prolonging 
the time until they are filtered by the liver and renal system. Most LNPs, and other delivery 
systems, rely on endocytosis for entering their target cells. Ionizable lipids and ligands specific 
for receptors on the target cells in the outer shell delivery systems aim to trigger receptors 
to expedite endocytosis [121]. After endocytosis, the LNPs must release their content into 
the cytoplasm before the endosome is degraded by lysosomes. During maturation of an 
endosome, its pH is lowered to 5. The pKa of common ionizable lipids is often approximately 
6.5. At this pH, the nitrogen atoms on the ionizable lipid deprotonate and decomplex from the 
miRs and antimiRs. It is hypothesized that the ionizable lipid induces a lipid phase transition 
and thereby disrupts the endosomal membrane, releasing the ASOs into the intracellular 
environment [122]. There, the guide strand of the ASOs is loaded into the RISC machinery. 
Therefore, conjugation of the 5′-end of this strand must be avoided [123]. Thus, conjugation of 
the sequences and modifications of the backbone have to be carefully considered to establish 
proper strand selection by the RNA processing machinery RISC and to avoid incomplete 
hybridization to other, non-target mRNAs leading to OTEs [97].

Recently, effective delivery has been achieved with the use of gold nanoparticles as a delivery 
vehicle for both siRNA and miRNA. Gold nanoparticles were functionalized with siRNA, 
made possible by modification with thiol groups on the 5′-end of the antisense strand, and 
with a fusogenic peptide linked to a thiol-modified PEG for targeting. The thiol groups allow 
covalent bonding of the nucleic acid and the PEG–peptide complex to the gold nanoparticle. 
These functionalized gold nanoparticles were doped in a hydrogel and implanted in a colorectal 
cancer mouse model adjacent to the tumor, leading to functional in vivo silencing of Kras, an 
important gene in cancer progression, leading to complete remission. In further experiments, 
the doped hydrogels were implanted after tumor resection, preventing recurrence [124]. In 
a second study, miRNA was linked to gold nanoparticles and loaded in a hydrogel using the 
aforementioned strategy, and implanted in a breast cancer mouse model. This resulted in local, 
selective, and sustained delivery of the miRNA, attenuating the metastatic tendencies of the 
tumour [125].
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Figure 4 – LNP Schematic representation of a LNP made up of cationic lipids that covalently bind with the nucleic 
acid content, e.g. miRNA or ASO, phospholipids that provide structure to the lipid bilayer, cholesterol that provides 
stability of the lipid bilayer, and lipid-anchored PEG that limits aggregation and non-specific uptake.

FUTURE PERSPECTIVES

As illustrated, large variation between the aforementioned delivery systems exists. Many allow 
for efficacious drug delivery and for fine tailoring to specific needs. On the other hand, scale-
up and broad application of a single nanoparticle-based delivery system remains challenging 
[126]. The process of mixing the individual components of these delivery systems is critical 
to guarantee the uniform quality of the particles. A microfluidic approach may be the answer 
to the scale-up of these delicate manufacturing processes [127].

Currently, nanoparticle-based drug-delivery systems mainly target tumor and the liver as these 
tissues are highly perfused and the endothelium is often fenestrated (not continuous), allowing 
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for easy passage of the particles. It remains a challenge to target less accessible tissues, like the 
AV. This challenge can be addressed by tailor-made delivery systems, such as the injection of a 
reservoir of particles directly into the target tissue using injectable carriers, such as hydrogels 
or degradable biopolymers, or by employing strategies like UTMD.

Moreover, there is room for improving the delivery process of nucleic acid therapeutics, as the 
exact mechanisms remain poorly understood. Recent evidence has provided certain principles 
and guidelines for particle-based delivery. Currently, particles are designed to avoid renal 
filtration and clearance by the immune system. This limits their size to approximately 20–200 
nm. Shielding particles by PEGylation has increased the circulation time and reduced serum 
protein binding, preventing undesirable interactions. The (anti)miRs are chemically modified 
to improve stability and reduce degradation by nucleases, as well as immunostimulation. 
Receptor-specific ligands can be included in the formulation of particles to stimulate 
endocytosis and improve uptake by the target cells. Acidity-dependent membrane-disrupting 
materials can be shielded until needed and activated after endosomal uptake to facilitate release 
of the content. Therefore, research efforts should focus on creative and innovative delivery 
platforms that can deliver particles and drugs to specific target tissues, and on elucidating the 
mechanisms of particle circulation, homing, uptake, and release.

Prior to making the translational step to the clinic, drug-delivery devices are validated on 
in vitro and in vivo disease models. Employing 3D disease models with human cells has the 
potential to reduce the burden on animal models. The use of human cells is beneficial, as 
discoveries and results based on animal studies do not always translate directly to humans. 
Additionally, eliminating the need for animal models greatly reduces the time between bench 
and bedside. Specifically, for CAVD, where in vivo models are costly and time consuming to 
create, a 3D in vitro disease model with human cells that mimics the native valve tri-layered 
structure would be a valuable tool that can aid in the design of drug-delivery devices and allow 
for rapid testing of the functionality of novel nucleic acid therapeutics.

An innovative and reproducible 3D-bioprinted model of human CAVD can be employed 
(i) to study cellular and molecular mechanisms of CAVD, and (ii) as a drug screening tool. 
Furthermore, it can be used to identify potential therapeutic targets for CAVD, a disease without 
a drug-based therapy, and it can be used as a proof of concept for drug-delivery platforms that 
can then be expanded to target other tissues and diseases. Specifically, the multiple approaches 
that aid the delivery of (anti)miRs can be tested on this 3D model, simultaneously testing the 
efficacy of (anti)miRs in treating CAVD by reducing calcification and testing the efficiency 
of the drug-delivery approach. The aforementioned approaches can be tested as is, or in 
combination with a delivery device, such as an implantable or an injectable hydrogel. In the 
clinical setting, these hydrogels would function as a local depository, allowing for a single 
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intervention to store multiple doses of therapeutics, which are released gradually over an 
extended period of time.

 CLINICAL PERSPECTIVES

Employing human 3D in vitro models of CAVD for identifying the underlying mechanisms 
and potential targets, and for drug screening, may accelerate the discovery and validation of 
a drug?based therapy for CAVD. With this, patients would be able to receive treatment in an 
earlier stage of the disease, slowing disease progression or even reversing and curing it.

Furthermore, validation of drug delivery platforms on a human in vitro model could expedite 
the translation from bench to bedside of local delivery systems.

In addition, the facile production process of the proposed delivery system allows for a broad 
range of applications and as miRNA therapeutics are identified for different diseases, for 
different target cells, tissues, or organs, similar drug delivery platforms may be applied in 
multiple clinical settings to treat a range of diseases.
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ABBREVIATIONS
ABCG2 ATP-binding cassette, sub-family G, member 2

AS aortic stenosis

ASO antisense oligonucleotide

AV aortic valve

AVR aortic valve replacement

BAV bicuspid aortic valve

BMP-2 bone morphogenetic protein 2

CAVD calcific aortic valve disease

ECM extracellular matrix

EndMT endothelial-to-mesenchymal transition

ERK1/2 extracellular signal-regulated protein kinases 1 and 2

DGCR8 DiGeorge syndrome critical region gene 8

2′-F 2′-fluoro

GelMA methacrylated gelatin

HAMA methacrylated hyaluronic acid

LDL low-density lipoprotein

LNA locked nucleic acid

LNP lipid nanoparticle

LRP5 low-density lipoprotein receptor-related protein 5

2′-MOE 2′-O-methoxyethyl

2′-OMe 2′-O-methyl

NF-κB nuclear factor kappa-B

OPG osteoprotegerin

OTE off-target effects

PD/PK pharmacodynamics/pharmacokinetics

PEI polyetheleneimine

PI3K phosphoinositide 3-kinase

PLA poly(lactic acid)

PLL poly-L-lysine

pre-miRNA precursor miRNA

pri-miRNA primary miRNA transcript

RANK receptor activator of nuclear factor κ-B

RANKL receptor activator of nuclear factor κ-B ligand

RISC RNA-induced silencing complex

RT-qPCR real-time quantitative PCR

Runx2 runt-related transcription factor 2

α-SMA α-smooth muscle actin
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1SMAD similar to mothers against decapentaplegic

TGF-β1 transforming growth factor-β 1

TNF-α tumour necrosis factor-α

UTMD ultrasound triggered microbubble destruction

VEC valvular endothelial cell

VIC valve interstitial cell

ZEN N,N-diethyl-4-(4-nitronaphthalen-1-ylazo)-phenylamine
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ABSTRACT

In calcific aortic valve disease (CAVD), microcalcifications originating from nanoscale 
calcifying vesicles disrupt the aortic valve (AV) leaflets, which consist of three (biomechanically) 
distinct layers: the fibrosa, spongiosa, and ventricularis. CAVD has no pharmacotherapy and 
lacks in vitro models as a result of complex valvular biomechanical features surrounding 
resident mechanosensitive valvular interstitial cells (VICs). We measured layer-specific 
mechanical properties of the human AV and engineered a three-dimensional (3D)-bioprinted 
CAVD model that recapitulates leaflet layer biomechanics for the first time. Human AV leaflet 
layers were separated by microdissection, and nanoindentation determined layer-specific 
Young’s moduli. Methacrylated gelatin (GelMA)/methacrylated hyaluronic acid (HAMA) 
hydrogels were tuned to duplicate layer-specific mechanical characteristics, followed by 
3D-printing with encapsulated human VICs. Hydrogels were exposed to osteogenic media 
(OM) to induce microcalcification, and VIC pathogenesis was assessed by near infrared or 
immunofluorescence microscopy. Median Young’s moduli of the AV layers were 37.1, 15.4, 
and 26.9 kPa (fibrosa/spongiosa/ventricularis, respectively). The fibrosa and spongiosa 
Young’s moduli matched the 3D 5% GelMa/1% HAMA UV-crosslinked hydrogels. OM 
stimulation of VIC-laden bioprinted hydrogels induced microcalcification without apoptosis. 
We report the first layer-specific measurements of human AV moduli and a novel 3D-bioprinted 
CAVD model that potentiates microcalcification by mimicking the native AV mechanical 
environment. This work sheds light on valvular mechanobiology and could facilitate high-
throughput drug-screening in CAVD.

Keywords: aortic valve, calcific aortic valve disease, calcification, mechanobiology, 
bioprinting, 3D printing, microdissection, nanoindentation
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INTRODUCTION

Calcific aortic valve disease (CAVD) is the most prevalent heart disease, affecting more than 
¼ of individuals over age 65 in the Western world [1]. Despite this high prevalence and many 
risk factors shared with atherosclerosis, there are no pharmacological therapies for CAVD—
aortic valve (AV) replacement currently is the sole treatment option. The healthy AV is 
composed of three semilunar leaflets. The leaflets are comprised of three stacked layers, each 
with its own unique extracellular matrix (ECM) composition: the collagen-rich fibrosa layer, 
the proteoglycan-rich spongiosa, and the elastin-rich ventricularis [2]. As CAVD progresses, 
the leaflets of the AV become fibrotic and calcify as their constituent cell population of 
valve interstitial cells (VICs) undergo myofibrogenic and osteogenic differentiation [2]. 
Calcification is likely to initiate via aggregation of nanoscale calcifying vesicles into larger 
microcalcifications [3,4], which eventually form extensive regions of ectopic calcific nodules 
that impair AV opening/closure, leading to heart failure and death [5]. Importantly, the onset 
and progression of CAVD is layer-specific: it preferentially initiates within the fibrosa and 
progresses to the spongiosa, while the ventricularis is largely unaffected until the final stages 
of disease [6,7].

Preferential disease development in the fibrosa may be a result of VICs sensing and 
responding to the biomechanics of their microenvironment. Similar to mesenchymal stem 
cells [8], pathological differentiation of normally quiescent VICs to myofibroblasts and 
osteoblasts is regulated in vitro by the local mechanics (e.g., compressive stiffness) of 
the ECM [9,10,11]. Tensile mechanical properties of whole human AV leaflets have been 
studied [12] as well as those of microdissected human fibrosa and ventricularis [13,14]. 
Micropipette aspiration has been used to measure the Young’s modulus of normal porcine 
fibrosa and ventricularis [10]; however, the only measurements of spongiosa biomechanics 
originate from atomic force microscopy of layers on thin porcine leaflet cryosections 
[15]. Importantly, all three layers of the human AV have not been separated and subjected 
to measurements of local compressive stiffness. VIC mechanosensitivity is likely a key 
limiting factor in current in vitro platforms for high-throughput drug discovery, which are 
based on tissue culture polystyrene (TCPS) with high, non-physiological stiffness. Existing 
in vitro models of CAVD cannot account for mechanosensitive cellular responses that may 
modulate otherwise-drugable signaling axes in vivo.

Although many putative therapeutic targets have been identified in recent years [16,17], the 
mechanosensitive nature of VICs and layer-specific biomechanics of the native AV necessitate 
a suitably scalable in vitro system that recapitulates key aspects of the valvular architecture 
and microenvironment (e.g., layer-specific mechanical properties) to reliably screen and test 
novel targets. To this end, a variety of soft gel substrates have been utilized to examine VIC 
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phenotype and function, including those based on poly(ethylene-glycol) (PEG) [18], PEG-
dimethacrylate-poly(l-lactide) (PEGdma-PLA) [15], polyacrylamide [10], and collagen 
[9]. We and others have shown previously that hybrid GelMA/HAMA hydrogels are able 
to maintain VICs in a quiescent fibroblastic state [19], while also supporting differentiation 
of VICs towards diseased phenotypes after exogenous delivery of pathological cytokines 
or other calcifying stimuli [11,20]. 3D-bioprinting has been shown to provide superior cell 
seeding and cell attachment compared with traditional scaffold biofabrication techniques, 
along with lower gel-to-gel variability and hands-off (high-throughput) fabrication [reviewed 
in S.V. Murphy et al. and C.F. van der Ven et al. [21,22]]. 3D-bioprinting has been utilized 
to fabricate complex tissues in vitro (e.g., co-culture tumor models, branched vascular trees, 
and cartilaginous structures such as ears and trachea [23,24,25,26]), and is compatible 
with GelMA-based hydrogels [27]. This technique has been utilized to manufacture large-
format valvular conduits [28] and flow phantoms [29] but has not been applied to model the 
complexities of the valvular microenvironment.

In the present study, we first performed systematic microdissection and mechanical testing of 
human AV tissue, then coupled this data with 3D-bioprinting and mechanical characterization 
of a tunable hydrogel system to mimic the native valve. Here, we demonstrate (1) the first 
approach to separate all three layers of the human AV; (2) nanoindentation measurements of 
layer-specific biomechanical properties of the native human AV; (3) direct recapitulation of 
layer-specific Young’s moduli using a 3D GelMA/HAMA hydrogel system; (4) bioprinting 
of 3D hydrogels with encapsulated primary human VICs; (5) controllable formation of layer-
specific microcalcification and ECM degradation by VICs; and (6) bioprinting of multi-layered 
3D hydrogel AV constructs. Together, these data establish a novel 3D model for studying the 
mechanisms of valvular diseases and a platform suitable for high-throughput screening in 
CAVD.

MATERIAL & METHODS

Layer Separation of CAVD Leaflets is Confirmed by Histological 
Evaluation
AV leaflets were obtained from patients undergoing surgical valve replacement at Brigham 
and Women's Hospital (Boston, MA, USA) as a result of AV calcification and/or stenosis. 
Leaflets were obtained and utilized in accordance with protocols approved by the Institutional 
Review Board (IRB protocol #2011P001703/PHS). After removal, leaflets were kept on ice 
in Dulbecco's Modified Eagle's Medium (DMEM, Lonza, Walkersville, MD, USA) for a 
maximum of 1 h, then stored for a maximum of 10 h in DMEM at 37 °C/5% CO2. Leaflet 
layers were microdissected as described previously [13,14] with modifications to additionally 
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obtain spongiosa samples. Non-calcified regions of the CAVD leaflets were selected by gross 
morphology and absence of any palpable regions of stiff/brittle calcific deposits, and cut using 
#10 scalpels (Fine Science Tools, North Vancouver, BC, Canada). In a recent paper from 
our laboratory [17], we demonstrate the high specificity of this stage-separation approach in 
human AVs by proteomics (LC-MS/MS) and transcriptomics. Regions that were to undergo 
testing on whole (intact) leaflets were marked with tissue-marking dye (TMD, General Data 
Company Inc., Cincinnati, OH, USA) on the fibrosa side to ensure orientation. Regions 
selected for layer separation were pinned through the ventricularis layer to a cork dissecting 
board using 30 g needles, with the fibrosa surface facing upward. Samples were submerged in 
DMEM during the procedure. Fibrous interconnections within the spongiosa that ran between 
the ventricularis and fibrosa were exposed by gently lifting the fibrosa with forceps. Under a 
dissecting microscope, these fibrous interconnections were cut by microscissors at the bottom 
of the fibrosa, and fibrosa segments were marked by TMD on the aortic-facing surface to 
ensure testing of only the collagenous fibrosa layer. Segments were gently transferred to a 
separate container with DMEM and kept on ice. The exposed spongiosa layer was gently 
grasped, cut away from the ventricularis layer, and transferred to DMEM on ice. The remaining 
ventricularis layer was marked on the ventricle-facing side with TMD and placed in DMEM 
on ice. Samples underwent mechanical testing within <10 h of layer separation. Following 
mechanical testing, samples were embedded in Optimal Cutting Temperature compound 
(OCT, Tissue-Tek Sakura, Torrance, CA, USA), cryopreserved on a dry ice and isopentane 
bath, then sectioned and stained with Movat’s pentachrome (MP, American MasterTech—
KTRMP) to confirm sample layer specificity and tissue viability.

Cryoslides were dried and sections were fixed in formalin and rinsed with water. Using the 
MP kit, the sections were immersed in Verhoeff’s elastic stain for 15 min and differentiated 
with 2% ferric chloride. The slides were then placed in Alician blue solution for 10 min, 
Crocein scarlet-acid fuchsin for 2 min, and alcoholic saffron solution for 15 min, clearing and 
rinsing the slides between stains. The slides were finally cleared in xylene and coverslipped 
using a xylene-based mounting media. Three non-serial 10 μm-thick sections per sample were 
stained, and imaged with an Eclipse 50i microscope (Nikon Instruments Inc., Melville, NY, 
USA). Spongiosa samples that contained collagen-rich areas or elastin-rich areas larger than 
5% of the total sample area or fibrosa samples with >5% proteoglycan content were excluded 
from final analyses as contaminants from the adjacent layers.

Methacrylated Gelatin (GelMA) and Methacrylated Hyaluronic Acid 
(HAMA) Synthesis and Characterization
GelMA and HAMA were prepared as described previously [30,31]. In brief, gelatin (20.0 g) 
from porcine skin (Sigma-Aldrich, St. Louis, MO, USA, G2500) was suspended in deionized 
water (200 mL) in a 500-mL round bottom flask with moderate stirring for 1 h. The mixture 
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was heated to 50 °C and was stirred until the gelatin was completely dissolved. Methacrylic 
anhydride (12.0 g) (Sigma-Aldrich, 276685) was then added to the flask, and the mixture 
was stirred at 50 °C for 1.5 h. The product was transferred to 50 mL conical tubes and 
centrifuged at 3500× g for 5 min. The supernatant was decanted into a beaker, leaving behind 
an opaque solid at the bottom of the conical tubes. The supernatant was then diluted with two 
volumes of 40 °C deionized water and was transferred to dialysis tubing (10 kDa MWCO, 
SpectraPor 7, Spectrum Laboratories, Rancho Dominguez, CA, USA, 123120). This tubing 
(containing the GelMA supernatant) was dialyzed against 3500 mL of deionized water at  
40 °C for seven days, with the water changed twice per day. The contents of the dialysis tubing 
were then transferred to a beaker and pH adjusted to 7.4 using a 1 M solution of NaHCO3. 
The solution was sterile filtered with a 0.2 μm vacuum filtration unit and a polyethersulfone 
(PES) membrane, transferred to 50 mL conical tubes, snap frozen on liquid nitrogen, and 
lyophilized until complete dryness (approximately 10–14 days) to produce GelMA as a white 
solid powder.

For HAMA synthesis, sodium hyaluronate (1.0 g) (Lifecore Biomedical, Chaska, MN, USA, 
HA40K) was dissolved in 1X phosphate-buffered saline (PBS) (100 mL) in a 250 mL round 
bottom flask and cooled to 4 °C. Methacrylic anhydride (1.0 mL) was added and stirred at  
4 °C for 24 h; pH was maintained between 8.0 and 10.0 at the beginning, middle, and end of 
the reaction period using aliquots of 5 M NaOH. After 24 h the reaction was transferred to 50 
mL conical tubes, centrifuged at 3500× g for 5 min, and the supernatant was decanted into 
dialysis tubing (10 kDa MWCO, SpectraPor 7). The tubing containing the HAMA solution was 
dialyzed against 3500 mL of deionized water at 4 °C for seven days, with the water changed 
twice per day. Tubing contents were transferred to a beaker and the pH adjusted to 7.4 using 
a 1 M solution of NaHCO3. The solution was sterile filtered with a 0.2 μm vacuum filtration 
unit with a PES membrane, transferred to 50 mL conical tubes, snap frozen on liquid nitrogen, 
and lyophilized until complete dryness (approximately 10–14 days) to produce HAMA as a 
white solid powder.

Pre-polymer solutions were mixed prior to printing. Measured weights of lyophilized GelMA, 
lyophilized HAMA, and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Tokyo 
Chemical Industry Co., Portland, OR, USA) were dissolved in PBS at 80 °C to form 20 wt %, 
3 wt %, and 5 wt % solutions, respectively. GelMA solution sonicated at 37 °C, and the pH of 
HAMA was adjusted to 7.5 using 1 M HCl. Solutions were reheated to 80 °C for 20 min and 
sterile-filtered using a 0.2 μm syringe filter. Final solutions were stored at 4 °C and warmed to 
37 °C prior to each experiment. For the fabrication of hybrid hydrogels, the 20 wt % GelMA, 
3 wt % HAMA, and 5 wt % LAP solutions were mixed in PBS at 37 °C. This yielded hybrid 
hydrogel pre-polymer solutions with concentrations of 0.3% (v/v) LAP, 1% (v/v) HAMA, and 
5% (v/v), 6.67% (v/v), 8.33% (v/v), or 10% (v/v) GelMA.
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3D-Bioprinting of Hybrid Hydrogels
Single-Layer Hydrogel Constructs 
Constructs were designed in Tinkercad (AutoDesk, Inc., San Rafael, CA, USA), and encoded 
using Repetier-Host (version 2.0.0; Hot-World GmbH & Co. KG, Willich, Germany), and 
Sublime Text 3 (Sublime HQ, Pty Ltd., Darlinghurst, NSW, Australia). 3D-bioprinting was 
performed using the Inkredible+ (Cellink, Cambridge, MA, USA). Pluronic gel (Pluronic 
F-127; Allevi, Philadelphia, PA, USA) was printed as a cylindrical mold (outer diameter = 9.0 
mm, inner diameter = 8.6 mm, height = 1.5 mm) using a stainless steel needle nozzle (JG27-
0.25HPX; Jensen Global Inc., Santa Barbara, CA, USA) at a fill density of 95%, layer height 
of 0.1 mm, printing speed of 4mm/s, and printing pressure of 320 kPa.

The second extruder was filled with the required hydrogel pre-polymer compositions and 
heated to 37 °C. A hydrogel disc was then printed inside the mold from the second extruder 
using a 23 g stainless steel nozzle (Fisnar 5901005, Ellsworth Adhesives, Germantoun, WI, 
USA) by opening the valve of the second extruder for 40 ms at 15-20 kPa. Crosslinking the 
pre-polymers for 30 or 90 s with 365 nm UV light produced 8.6 mm × 1.0 mm hydrogel discs. 
The UV light was calibrated to an intensity of 2.5 mW/cm2 using a radiometer (85009, Sper 
Scientific Direct, Scottsdale, AZ, USA). After printing, the Pluronic gel was dissolved by 
washing in 37 °C PBS. Hydrogel porosity was evaluated by embedding and cryosectioning as 
described above. Pore structure was assessed by staining with Natural Blue food dye (Whole 
Foods Market, Austin, TX, USA). Bright field microscopy images were then taken using an 
Eclipse 50i microscope (Nikon Instruments, Melville, NY, USA). Average pore size was then 
measured with ImageJ (National Institutes of Health, Bethesda, MD, USA, version 1.51s). To 
perform swelling ratio testing, acellular hydrogels were printed and crosslinked. The Pluronic 
mold was then cut away, and gels were weighed immediately then immersed in PBS for 24 h at 
room temperature, at which point they were quickly blotted dry of surface liquid and weighed 
again.

Dual-Layer Hydrogel Constructs 
The Pluronic mold was printed as described above. A hydrogel pre-polymer solution of 0.3% 
LAP, 5% GelMA, and 1% HAMA at 37 °C was loaded into the second extruder. The first 
layer was printed by opening the valve of the second extruder for 30 ms at 15-20 kPa. After 
crosslinking the first layer for 60 s at 2.5 mW/cm2, the extruder was raised 1 mm and a second 
layer was printed on top by opening the valve of the second extruder for 30 ms. After 5 min 
incubation at 37 °C, the combined layers were crosslinked together for an additional 30 s. To 
visualize the layer interface, 70.000 MW lysine-fixable Dextrans labeled with Texas Red or 
Fluorescein (Thermo Fischer Scientific, Waltham, MA, USA) were mixed into each hydrogel 
layer, and the constructs were imaged by confocal (Nikon) in cross-sectional z-stacks to assess 
layer-layer integration.
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Mechanical Testing of CAVD Leaflets and Hydrogels
Mechanical testing was performed using an Agilent G200 nanoindenter (Agilent, Santa Clara, 
CA, USA) with a 90° diamond conical probe tip with a 50 μm radius (DCMII, Micro Star 
Technologies, Huntsville, TX, USA) to enable measurement of bulk properties [32]. The tip 
area function was calibrated using fused quartz, and a punch diameter of 45.153 μm was 
calculated at a 5 μm pre-compression depth. A 3 × 3 array of indents with 200 μm spacing was 
generated. Tests were run as dynamic indentations to afford the complex shear modulus under 
the shear mode [33] at room temperature at a constant frequency of 110 Hz. Storage modulus 
G′ was measured as the energy stored during one oscillation cycle, and loss modulus G′′ was 
measured as the energy dissipated during an oscillation cycle [34]. The loss tangent (tan δ) 
was measured as the ratio between G′′ and G′. The complex modulus G* was calculated using:

|G*|=√(G'2+G''2)

Poisson’s ratio (v) was estimated for both the leaflet layers and the hydrogels using two 
different-sized conical probes and were found to be approximately 0.5, corresponding to 
values confirmed in the literature for bulk measurements of hydrogel polymers [35] and AV 
leaflet tissue [36]. Using the rubber elasticity theory, Young’s modulus (E) was calculated as:

E = 2G*(1 + v)

The median of nine indents was taken for every sample. For the mechanical measurement of 
dual-layer hydrogels, two tests were performed. First, hydrogels were tested from both sides 
to evaluate layer-to-layer differences. Second, the cross-section of the hydrogels was tested 
along the z-axis using 10 nanoindentation measurements equally spaced from the top of the 
fibrosa-like side to the bottom of the spongiosa-like side.

Unconfined compression testing was also performed on selected hydrogels using an Instron 
5566 (Instron, Norwood, MA, USA). Compression occurred at a rate of 1 mm/minute between 
two parallel steel plates, and the Young’s modulus was calculated from the slope of the linear 
region of the loading curve.

Human Aortic Valvular Interstitial Cell (VIC) Isolation, Culture, and 
Encapsulation in Hydrogels
CAVD AV leaflets were obtained as described above, and non-diseased AV leaflets were 
obtained from patients undergoing heart transplantation surgery due to cardiomyopathy at 
UMC Utrecht (the Netherlands). Leaflets were obtained there in accordance with protocols 
approved by the Medical Ethical Assessment Committee of UMC Utrecht.
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VICs from CAVD AV leaflets and non-diseased AV leaflets were isolated as previously 
described [9,37]. In brief, CAVD leaflets were incubated for 3 h in a 10 mL collagenase 
solution at 37 °C, 5% CO2, homogenized with a serological pipette and passed through a cell 
strainer (40 μm). The digested tissue was centrifuged, the supernatant was aspirated, and the 
pellet was resuspended in 5 mL of VIC cell culture media. The cells were centrifuged a second 
time, resuspended in 10 mL media, and plated in a T75 culture flask. Non-CAVD leaflets 
were incubated for 45–50 min at 37 °C in 8% collagenase solution in PBS supplemented 
with 1% FBS and 2% gentamycin. The digested tissue was passed through a cell strainer 
(100 μm), rinsed 3 × 5 mL in DMEM, and centrifuged. The supernatant was aspirated, and 
the pellet was resuspended in 5 mL VIC cell culture media and plated in 6-well plates. VIC 
culture media (DMEM, ThermoFisher, Grand Island, NY, USA) was supplemented with 10% 
(CAVD VICs) or 15% (non-diseased VICs) fetal bovine serum (Gibco), 5% human serum 
(first three passages of non-diseased VICs only), and 1% Penicillin/Streptomycin (P/S, 
Gibco). Media was refreshed every 48 h, DMEM was supplemented with 10% FBS and 1% 
P/S after passage three regardless of VIC type, and VICs between passage five and six were 
used for further experiments. VICs were incorporated in the hydrogel pre-polymers by mixing 
VICs and media (to a final in-gel concentration of 10 × 106 cells/mL) with a 10 wt % GelMA,  
3 wt % HAMA, and 5 wt % LAP solution at 37 °C to form a 5% GelMA, 1% HAMA, and 
0.3% LAP hydrogel. As a 2D control, VICs were also cultured on tissue culture polystyrene 
(TCPS) in a 24-well plate. One day after printing, hydrogels were switched to normal media 
(5% FBS, 1% P/S) or osteogenic media (NM supplemented with 10 nM dexamethasone, 10 
ng/mL ascorbic acid, and 10 mM β-glycerolphosphate) as previously described [4] for up to 
14 days. Media was changed every 48 h for all 3D hydrogels and 2D controls.

Calcification and Apoptosis Assays
A near infrared fluorescence (NIRF) imaging agent (OsteoSense 680EX; PerkinElmer, 
Waltham, MA, USA) was used to visualize nano- and microcalcification. OsteoSense 680EX 
was added to the cell culture media at a 1:100 dilution and cells were incubated overnight at 37 
°C, 5% CO2 for 12 h prior to imaging. Apoptosis was assessed by Click-iT TUNEL (Thermo 
Fisher Scientific, Waltham, MA, USA) assays according to the manufacturer’s instructions. 
Confocal imaging (Nikon A1) was performed as follows: three hydrogels per condition 
were imaged with three z-stacks (10 μm/slice) per hydrogel. Z-stacks were compressed into 
maximum intensity projections in ImageJ and positive stain area was quantified.

Analysis of VIC Remodeling Capability
Hydrogels were snap frozen in OCT as described above and 10 μm cryosections were made. 
Ability of VICs to remodel ECM was gauged by collagen production and its degradation by 
matrix metalloproteinase 9 (MMP-9). Sections were stained for collagen using the CNA35 
probe by incubating sections (1:50 in PBS) for 1 h at 37 °C [38]. MMP-9 immunofluorescence 
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was performed as follows: sections were permeabilized with 0.1% Triton-X, then dried and 
fixed in 4% paraformaldehyde for 5 min. Slides were rinsed in water and PBS, and endogenous 
peroxidase activity was blocked with 0.3% hydrogen peroxide. After rinsing, sections were 
blocked in 4% donkey and goat serum (D9663, Sigma, St. Louis, MO, USA, S-1000, Vector, 
Burlingame, CA, USA) and then incubated with an anti-MMP-9 mouse (NBP2-13173g, 1:100, 
Novus, Littleton, CO, USA) primary antibody for 90 min at room temperature, followed by an 
Alexa Fluor 488-conjugated (A11017, Invitrogen, Carlsbad, CA, USA) secondary antibody. 
Sections were washed in PBS and mounted in mounting media with DAPI (H-1500, Vector 
Laboratories, Burlingame, CA, USA) to stain nuclei. Confocal imaging was performed as 
above, and positively stained cells were quantified by manual counting.

Electron Microscopy
Hydrogels were fixed and stored in a buffer of 2% gluteraldehyde, 0.115 M sucrose, in 0.1 
M sodium cacodylate (Electron Microscopy Science, Hatfield, PA, USA, 11653) until use. 
Constructs were dehydrated in a series of 30%, 50%, 70%, 90%, 100%, 100%, and 100% 
ethanol on ice for 15 min each, prior to critical point drying (Critical Point Dryer Tousimis 931 
GL; Tousimis, Rockville, MD, USA). Constructs were then coated with platinum/palladium 
in a sputtering system (EMS 300 T D Dual Target Sequential Sputtering System; Electron 
Microscopy Systems, Hatfield, PA, USA). Scanning electron microscopy (SEM) images were 
taken on a field emission scanning electron microscope (Supra55VP; Zeiss, Thornwood, NY, 
USA).

Statistical Methods
Nanoindentation data are presented as the median value per tissue sample, with each data 
point representing nine nanoindentation measurements per sample. Other quantitative data 
are presented as mean ± standard error. Two-tailed, one-sample t-tests were used to compare 
G′′/G′ values vs. the theoretical value of 1, Student’s t-tests were performed for two-group 
comparisons, and one-way or two-way ANOVA with Tukey’s post-hoc HSD test were used as 
appropriate to evaluate statistically significant differences in multiple group comparisons (R 
or GraphPad Prism 7, GraphPad Software, La Jolla, CA, USA).
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(a) Normal AV
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 Ventricular side
(c) Fibrosa Layer (d) Spongiosa Layer

(e) Fibrosa Layer           Spongiosa layer            Ventricularis layer

Figure 1. Movat’s pentachrome staining of structural organization in a circumferential cross-section of a human AV 
leaflet. Yellow = collagen, blue = glycosaminoglycans (GAGs), black = elastin, dark brown/black = calcification: 
(a) Tri-layered arrangement of the fibrosa (collagen-rich), spongiosa (GAG-rich), and ventricularis (elastin-rich) 
layers in a healthy leaflet; (b) Disruption of the leaflet layers by calcifications (black) and fibrosis (yellow regions) 
in CAVD; (c,d) Staining of collagen in the dissected fibrosa layer and GAGs in the dissected spongiosa layer 
confirmed distinct layer separation; scale bar = 50 μm; (e) Low-magnification images of microdissected fibrosa, 
spongiosa, and ventricularis layers; scale bar = 500 µm.
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RESULTS

Leaflet Layer Separation of Human Aortic Valves by Microdissection
The human AV is composed of three distinct layers with unique ECM composition and 
VIC phenotypes [17]. The fibrosa layer is composed primarily of circumferentially oriented 
collagen fibers (yellow by Movat’s); the spongiosa layer sits in the middle of the leaflet and 
is rich in hydrated proteoglycans (blue-green); the ventricularis is rich in radially oriented 
elastin fibers [39] (black; Figure 1a). As CAVD progresses, calcification and fibrosis develop 
preferentially in the fibrosa layer [6,7] and the layers themselves are thickened and disrupted 
(Figure 1b). We separated non-calcified leaflet layers by microdissection and confirmed that 
dissected layers were successfully divided by Movat’s pentachrome staining, which identified 
collagen-rich samples from the fibrosa layer and glycosaminoglycan-rich samples dissected 
from the spongiosa layer (Figure 1c–e).

3D-Bioprinting of Hybrid Hydrogel Constructs
To produce an in vitro model of human CAVD that was capable of recapitulating AV leaflet 
layer-specific mechanical properties, we employed a tunable hydrogel system that we had 
previously shown to be capable of maintaining porcine VIC quiescence under basal conditions 
in 3D [19]. Our platform utilized methacrylated gelatin (GelMA), methacrylated hyaluronic 
acid (HAMA), and the UV photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate 
(LAP) (schematic of hydrogel synthesis shown in Figure 2a). Upon exposure to ultraviolet 
light, the polymers formed crosslinks between the methacrylate groups, producing a synthetic 
ECM. These hydrogels (encapsulated VICs, culture media, hydrogel pre-polymers, and LAP) 
were 3D-bioprinted into sacrificial Pluronic molds using a heated-extruder to produce disc-
shaped hydrogels (8.6 mm in diameter × 1.0 mm in height) suitably sized for culture in 12-well 
plates (Figure 2b,d). Two distinct bioprinting regimes were performed: single-layer hydrogels 
were printed as above (Figure 2b), while novel dual-layer constructs were produced by serial 
printing and UV crosslinking of layers (Figure 2c).

Leaflet Layer Mechanical Properties Were Recapitulated in Hydrogels
Nanoindentation revealed significant differences in mechanical properties between human 
AV leaflet layers. The fibrosa layer had a significantly higher median Young’s modulus (37.1 
kPa) than the spongiosa layer (15.4 kPa) (Figure 3a), while that of the ventricularis was 
26.9 kPa (Table S1). The storage modulus G′ had a similar distribution across leaflet layers 
as that of the Young’s modulus (Figure 3b), and nanoindentation measurements exhibited 
low measurement-to-measurement variability per tissue sample (Supplemental Figure S1a). 
Although compressive Young’s moduli were heterogeneous (the fibrosa layer ranged from 
20.3–56.7 kPa, spongiosa = 12.8–26.8 kPa, ventricularis = 16.6–33.5 kPa [Table S1]), there 
were distinct ranges of stiff fibrosa (above ~30 kPa) and soft spongiosa (below ~20 kPa) 
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Figure 2. Bioprinting of hybrid hydrogel constructs using methacrylated gelatin (GelMA) and methacrylated 
hyaluronic acid (HAMA): (a) Schematic of hybrid GelMA/HAMA hydrogel synthesis and gelation. Black = 
gelatin, Red = hyaluronic acid, green = crosslinks, UV = photocrosslinking with 365 nm UV light at 2.5 mW/cm2; 
(b,c) 3D printing of single- and dual-layer hydrogel constructs by printing a Pluronic ring, followed by hydrogel 
pre-polymer (pp) inside, and photocrosslinking for a total of 30 and/or 90 s per layer; (d) Representative images 
of (left to right): 3D bioprinting the Pluronic ring, the completed Pluronic ring, 3D bioprinting the hydrogel pre-
polymer into the Pluronic ring, the completed Pluronic ring + printed hydrogel pre-polymer, and hydrogel after 
crosslinking and washing away the Pluronic (right). Scale bar = 2 mm.
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that were unique to their respective layer. The median Young’s modulus of the intact leaflet 
(26.7 kPa) lay between the upper and lower bounds of stiff fibrosa and soft spongiosa and 
highlighted the importance of assessing layer-specific biomechanics when studying layer-
specific VIC phenotypes. To assess the relative contributions of viscous and elastic responses 
in CAVD tissue, quantification of the loss tangent tan δ (loss modulus G′′ over storage modulus 
G′; Figure 3e) found that tan δ was significantly less than 1 in all layer samples, indicating that 
elastic deformation was the primary contributor to the complex modulus G* and thus to the 
Young’s modulus of valvular tissue.

Once compressive moduli of the AV leaflet layers had been determined, we then 3D-bioprinted 
a series of acellular hybrid hydrogels composed of 5–10% GelMA and 1% HAMA and 
crosslinked for 30–90 s. Nanoindentation was performed on all hydrogels (Table S2). We 
found that the 5% GelMA/1% HAMA hydrogel exposed for 30 s had the lowest median 
modulus (21.7 kPa) and was the best match to the Young’s modulus of the spongiosa layer 
(Figure 3c). Two hydrogel formulations had Young’s moduli comparable to that of the fibrosa 
layer: 5% GelMA/1% HAMA/90 s cross-linking (38.5 kPa; Figure 3c), and 6.67% GelMA/1% 
HAMA/30 s cross-linking (38.6 kPa; Table S2). The former had lower gel-to-gel variability, 
less overlap in stiffness with the softer 5% GelMA/1% HAMA/30 s hydrogel, and an identical 
hydrogel composition to that of the 5% GelMA/1% HAMA/30 s hydrogel. As was the case 
with the AV tissue, hydrogel storage moduli (G′) significantly differed between the 30 s 
and 90 s 5% GelMA/1% HAMA hydrogels and closely matched those values of their tissue 
counterparts (Figure 3d). In contrast, tan δ values remained significantly less than one in the 
hydrogel system (Figure 3e). Unconfined compression testing of 30 s and 90 s 5% GelMA/1% 
HAMA hydrogels (Supplemental Figure S1b–d) demonstrated that the modulus of 90 s gels 
was twice that of 30 s gels (as was the case for testing by nanoindentation, Figure 3c). Together, 
these findings indicated that the specific hydrogel biomechanics closely mimicked those of the 
individual layers of native AV tissue. On the basis of these data, the 5% GelMA/1% HAMA/30 
s hydrogel was utilized as a spongiosa-like (S-like) model and the 5% GelMA/1% HAMA/90 
s hydrogel became the fibrosa-like (F-like) model for the remainder of this work.

VIC Encapsulation Affects Hydrogel Mechanics
After characterizing acellular hydrogel mechanics, we bioprinted VIC-free and VIC-laden 
F-like and S-like hydrogels, then cultured them in normal media (NM) or osteogenic media 
(OM) to assess the long-term impact of VIC encapsulation on hydrogel mechanics. After 14 
days in NM (Figure 4a), the median Young’s modulus of VIC-free F-like and S-like hydrogels 
was unchanged and that of the F-like gel remained significantly higher than that of the S-like 
gel. At day 1 there was no significant difference between VIC-free and VIC-laden moduli 
(ANOVA, data not shown). In S-like gels, encapsulation of VICs and culture in NM or OM for 
14 days did not affect hydrogel mechanical properties. In contrast to the acellular condition and 
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Figure 3. Measurement of layer-specific leaflet mechanical properties and matching of biomechanics with GelMA/
HAMA hydrogels: (a,b) Nanoindentation of the CAVD leaflet layers determined that the median Young’s modulus 
of the fibrosa layer (37.1 kPa) was significantly higher than that of the spongiosa layer (15.4 kPa), and that the 
median storage modulus (G′) of the fibrosa layer (11.2 kPa) was significantly higher than that of the spongiosa layer 
(4.7 kPa); (c,d) Nanoindentation of hybrid hydrogels found that the median Young’s modulus of the 5% GelMA/1% 
HAMA hydrogel after UV crosslinking for 90 s (38.5 kPa) was significantly higher than that of the 5% GelMA/1% 
HAMA/30 s crosslinked hydrogel (21.7 kPa). GelMA/HAMA gels crosslinked for 90 s and 30 s recapitulated 
Young’s moduli of the fibrosa and spongiosa layers, respectively. G′ of the 90 s crosslinked hydrogel (12.8 kPa) was 
significantly higher than that of the 30 s crosslinked hydrogel (7.2 kPa). Hydrogel storage moduli again mimicked 
those properties of the native tissue; (e) The tan δ (G′′/G′, loss tangent: viscous vs. elastic deformation) of individual 
samples within the fibrosa layer, spongiosa layer, 90 s hydrogel, and 30 s hydrogel were all significantly smaller 
than 1. In comparison to the leaflet layers, tan δ remained lower for both hydrogels. Median shown; * p < 0.05, ** 
p < 0.01, *** p < 0.001; n = 5–9 samples per condition (nine measurements per sample).
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Figure 4. Encapsulation and culture of VICs within fibrosa-like (F-like) but not spongiosa-like (S-like) hydrogels 
affected hydrogel mechanics: (a) The median Young’s modulus of cell-free 3D-bioprinted F-like (5% GelMA/1% 
HAMA/90 s crosslinking) and S-like (5% GelMA/1% HAMA/30 s crosslinking) hydrogels did not change over 14 
days of culture in NM; (b) The median Young’s modulus of VIC-laden F-like hydrogels (and not S-like hydrogels) 
decreased significantly over time in culture (14 days), regardless of NM or OM treatment conditions. Median 
shown; n = 3–5 samples per condition (9 measurements per sample); (c,d) Representative images and quantification 
of bright-field microscopy demonstrated that after 3 and 14 days in culture (NM and/or OM), pore sizes of F-like 
and S-like hydrogels were not significantly different. Mean + SEM; * p < 0.05, ** p < 0.01; *** p < 0.001; n = 3 
samples per condition; scale bar = 100 µm.
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Figure 5. Fibrosa-like hydrogels preferentially induced production of osteogenic microcalcification by 
VICs. Red = NIRF Osteosense 680 imaging agent (nano- and microcalcifications), green = TUNEL apoptosis 
assay, blue = Hoechst nuclear stain: (a) VICs isolated from non-diseased human AV did not undergo 
calcification when cultured in NM on/in either 2D tissue culture polystyrene (TCPS), 3D fibrosa-like (F-like) 
hydrogels, or 3D spongiosa-like (S-like) hydrogels (representative images); (b,c) Importantly, under OM 
treatment this naïve VIC population developed significant production of microcalcification only in 3D F-like 
hydrogels that mimic the biomechanics of the disease-prone layer of the native tissue. OM treatment did not 
induce significant microcalcification on 2D TCPS or in 3D S-like hydrogels. (d) Apoptosis was negligible 
and unchanged across all conditions, confirming that apoptotic cell death was not the source of preferential 
calcification in OM-treated F-like hydrogels. Mean + SEM; *** p < 0.001; n = 3 samples per condition  
(3 images per sample); scale bar = 50 μm.
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to VIC-laden S-like hydrogels, VIC-laden F-like gels underwent cell-dependent remodeling and 
significant reductions in stiffness by the 14-day time point (Figure 4b). Notably however, these 
cultured VIC-laden F-like hydrogels remained significantly stiffer than their S-like counterparts. 
By bright-field microscopy (Figure 4c,d), we confirmed that there were no significant changes 
in VIC-laden hydrogel pore sizes between NM/OM and F-like/S-like conditions after 3 or 
14 days of culture, and pore size was consistent with those of 5% GelMA/1% HAMA/30 s 
crosslinked gels described previously by SEM [19]. Swelling ratio testing of acellular F-like 
and S-like hydrogels (Supplemental Figure S2) found a significantly increased swelling of 
S-like hydrogels, likely a result of reduced free volume with greater crosslinking [40].

Preferential Formation of Microcalcification in Fibrosa-Like Hydrogels
After we confirmed our ability to print hydrogels that mimicked the mechanical properties of 
individual native leaflet layers with encapsulated VICs that maintained an ability to remodel 
hydrogels, we proceeded to assess the calcifying potential of our 3D-bioprinted model. Naïve 
VICs derived from non-diseased AV were seeded in 2D well plates or encapsulated in F-like 
or S-like hydrogels. Under NM treatment (Figure 5a,c), there was no formation of nano- or 
microcalcification in any culture condition, as assessed by confocal imaging of the calcium 
binding NIRF imaging agent [41,42]. In contrast, although there was no microcalcification 
in OM-treated 2D culture and limited amounts in 3D S-like hydrogels, VICs in 3D F-like 
hydrogels (that recapitulated the biomechanics of the disease-prone fibrosa layer) responded 
to osteogenic stimuli by significantly increasing microcalcification nodule density vs. all other 
culture conditions after 14 days (Figure 5b,c). Importantly, apoptotic cell death was (i) almost 
completely absent and (ii) unchanged across all conditions, thus confirming that apoptotic 
processes were not driving (or caused by) preferential calcification of OM-treated F-like gels 
(Figure 5d). We also found minimal apoptosis by day three in culture, shortly after bioprinting/
crosslinking (Supplemental Figure S3). Apoptosis levels were again unchanged across all 
conditions, consistent with an absence of short-term LAP/UV-induced cytotoxicity.

VIC Remodeling of Fibrosa-Like Hydrogels
To further study pathological differentiation and remodeling in our hydrogel model, we treated 
VIC-laden F-like and S-like hydrogels with NM and OM, then assessed collagen production 
using the collagen-binding CNA probe [38]. Diseased CAVD fibrosa tissue samples were 
demonstrably rich in collagen, and OM treatment induced significant increases in collagen 
production by VICs in both F-like and S-like hydrogels (OM F-like collagen levels were 
significantly elevated beyond those of OM S-like constructs; Figure 6a,c), with a further 
substantial increase in collagen production after 28 days in culture (Supplemental Figure 
S5). As a result of the reduction in F-like stiffness over culture time identified in Figure 4b, 
we also examined expression of MMP-9, a collagenase/gelatinase previously shown to be 
upregulated in CAVD [43]. MMP-9 levels trended towards elevation in F-like OM-treated 
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hydrogels (Figure 6b,d). In addition, scanning-electron microscopy (SEM) of VIC-laden 
hydrogels confirmed that OM treatment drove elevated formation of in vivo-like microcalcific 
nodules (Figure 6e–g) after 21 days in culture, consistent with the calcium binding NIRF 
imaging agent staining presented in Figure 5. At day 3, encapsulated VICs were seeded 
consistently across the height of hydrogels, and this uniform distribution was maintained by 
day 14 (Supplemental Figure S4).

Figure 6. OM stimulation induced VIC pathogenesis in 3D-bioprinted hydrogels: (a,c) VICs isolated from 
non-diseased human AV and exposed to OM (and not NM) for 14 days stimulated production of collagen, as 
shown by representative images of collagen-binding probe (CNA35) fluorescence; (b,d) OM-treated F-like 
VICs trended towards increased expression of the ECM-degrading collagenase enzyme MMP-9 (representative 
immunofluorescence images). Mean ± SEM; * p < 0.05, *** p < 0.001; n = three samples per condition (three 
images per sample); scale bar = 200 µm; (e–g) SEM of hydrogels showed that OM treatment drove formation of in 
vivo-like microcalcific nodules (white arrows), scale bar = 100 µm (e,f) or 10 µm (g).
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Integration of Single-Layer Fibrosa-Like and Spongiosa-Like 
Hydrogels into a 3D-Bioprinted Dual-Layer Construct
Having established 3D-bioprinting of single-layer hydrogels that, individually, modeled the 
behavior of the fibrosa and spongiosa in vitro, we focused on combining these gels into an 
integrated model of valvular tissue. Using a strategy of serial bioprinting and partial UV 
crosslinking, dual-layer constructs that mimicked both the fibrosa and spongiosa were printed 
as per Figure 2c. When red and green fluorescent Dextran beads were incorporated into 
individual layers, confocal imaging found evidence of layer fusion with a yellow gradient at 
the interface (Figure 7a), suggestive of layer intercalation that was also present in the native 
tissue (see transitions between layers in native AV by Movat’s pentachrome in Figure 1a). The 
layer interface appeared strong and withstood all processing, handling, and culture without 
evidence of delamination or degradation. By nanoindentation, we found that F-like or S-like 
layer Young’s moduli did not differ significantly between their respective single- and dual-
layer conformations. Importantly, significant differences between the F-like and S-like layers 
were maintained when these hydrogel formulations were printed and crosslinked together in 
dual-layer constructs (Figure 7b). Finally, we used nanoindentation to examine how Young’s 
modulus varied along the cross-section (z-axis) of dual-layer hydrogels (Figure 7c). Three 
distinct stiffness regimes were identified: a layer with F-like stiffness, followed by a region 
of intermediate stiffness in the center of the construct, and lastly, an S-like layer. VICs 
were successfully encapsulated, bioprinted, and cultured for 14 days in these dual-layered 
hydrogels (Figure 7d). Together, these findings indicated that our 3D-bioprinted multi-layered 
AV models were potentially suitable for evaluating layer-specific differences in VIC function.

DISCUSSION

The AV is a complex and dynamic microenvironment (reviewed in C. Y. Yip et al. [44]) with 
a mechanosensitive resident cell population that actively contributes to disease progression 
under conditions of altered biomechanics (e.g., hypertension [45] or bicuspid aortic valve 
[46]). This inherent complexity has retarded efforts to appropriately model CAVD in vitro and 
negatively impacted drug development for this deadly disease. Here, we successfully paired 
layer-specific measurements of human AV mechanical properties with 3D-bioprinted hydrogel 
model systems for the first time.

The tensile properties of the human AV (relevant to cyclic stretch) have been the focus of 
many studies and have even been performed in a layer-specific manner [12,13,14]. However, 
tensile factors may be less relevant than valvular substrate stiffness/compressive Young’s 
moduli, particularly as they relate to static culture models of disease. In non-diseased porcine 
AVs, a prior study found the fibrosa and ventricularis stiffnesses by micropipette aspiration to 
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Figure 7. Integration of fibrosa-like (F-like) and spongiosa-like (S-like) single-layer hydrogels into a 3D-bioprinted 
dual-layer construct maintains leaflet layer-specific mechanical properties: (a) Cross-section of a dual-layered 5% 
GelMA/1% HAMA hydrogel stained with fluorescein-labeled Dextran (shown in red) for the 90 s crosslinked 
F-like layer, and Texas Red-labeled Dextran (shown in green) for the 30 s crosslinked S-like layer demonstrated 
layer fusion with a gradient (yellow) at the interface. Scale bar = 200 µm; (b) Nanoindentation found no significant 
differences in the Young’s moduli of the F-like nor S-like layers between single-layer and dual-layer hydrogels; 
however, significant differences in stiffness between F-like and S-like layers were maintained within dual-layer 
hydrogel constructs. Median shown; * p < 0.05; n = 3–4 samples per condition (nine measurements per sample); 
(c) Heatmap of Young’s moduli measured by nanoindentation along the z-axis cross section of dual-layer hydrogels 
demonstrated a stiffness gradient across hydrogel layers; (d) Representative cross-sectional image of a Hoescht-
stained multi-layered hydrogel with encapsulated VICs at day 14, demonstrating uniform cell encapsulation 
after long-term culture of dual-layered constructs, scale bar = 200 µm. Median shown; n = 3 samples (10 z-axis 
measurements per sample).
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be ~22 and 10 kPa, respectively [10], while atomic force microscopy on thin cryosections [47] 
of porcine valves found the fibrosa, spongiosa, and ventricularis to be ~12, ~4, and ~8 kPa, 
respectively [15]. Apart from the current study, to our knowledge, the latter is the only other 
report of spongiosa stiffness in any species. The layer-specific stiffnesses we report here are 
the first such assessments for the human AV. Notably, we measured stiffnesses of 37.1, 15.4, 
and 26.9 kPa for the fibrosa, spongiosa, and ventricularis of human AV, respectively, that are 
higher than those previously reported in animal studies. Two limitations may apply: first, we 
used surgically excised human AV tissue, whereas prior studies were limited to non-diseased 
valves from other species. We were careful to (i) omit any regions of macrocalcification and 
(ii) measured macrocalcifications separately to ensure we could identify and neglect any 
nanoindentation measurements that inadvertently encompassed calcified areas (Table S1). 
Along with calcification, CAVD is accompanied by fibrotic changes to all leaflet layers [6], 
with excess production of disorganized and fragmented collagens that are likely responsible 
for stiffness increases in diseased vs. non-diseased human AVs. Alteration of valvular stiffness 
in these diseased yet non-calcified regions of the AV is believed to strongly contribute to 
biomechanicallymediated pathogenesis (reviewed in J.H. Chen et al. [48]). We omitted any 
spongiosa samples with notable collagen accumulation but cannot discount that our nanoscale 
measurements included regions with low-level collagenous changes. Second, although the 
porcine AV has many similarities to that of the human (including a tri-layered structure) and is 
often used as a model of AV disease [49], there are substantial differences in ECM composition 
and disease progression between these two species, as the porcine AV does not calcify readily 
[50,51]. Together, this indicates that species-specific differences in non-diseased AV layer 
stiffnesses are likely to exist. Non-diseased human AV tissue is exceedingly difficult to obtain 
because early/non-diseased human tissue is rarely targeted for surgical replacement; further 
studies will be needed to delineate the biomechanical properties of non-diseased human valve 
layers. A prior study found whole-leaflet Young’s moduli of cryopreserved, non-diseased 
human AVs from older donors to be ~15–20 kPa [52], which is reasonably consistent with 
the median Young’s modulus of 26.7 kPa we measured in intact CAVD leaflets. We also 
determined that the loss tangent (tan δ) was significantly skewed towards elastic, and not 
viscous, deformation in all layers of the human AV.

Gel systems have been used to examine the impact of substrate stiffness modulation on VIC 
phenotypes. Substrate stiffnesses between 3–144 kPa on 2D polyacrylamide gels modulate 
responses in Wnt and β-catenin signaling pathways and myofibrogenesis in VICs [10]; 
however, VICs preferentially undergo calcification and osteogenic differentiation on thick 27 
kPa in comparison with thin 113 kPa 2D collagen gels [9]. Others have shown that PEGdma-
PLA gels with stiffness of ~120 kPa potentiate myofibrogenic responses in VICs [15]. As with 
many other cell types [53], VIC mechanobiological responses appear to be regulated by the 
dimensionality of their surroundings. Microarray studies have identified distinct differences in 
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VIC transcriptional profiles between 2D vs. 3D cultures, particularly in genes associated with 
cellular structure, polarity, and motility [54]. In 3D, VICs subjected to a transient gradient 
of photoinitiated thiol-ene polymerization within PEG hydrogels that increased gel moduli 
transitioned from an initial myofibroblastic nature at 0.24 kPa towards that of a quiescent 
fibroblast at 13 kPa [18]. Hybrid GelMA/HAMA hydrogels with compressive moduli in the 
range of 1–3 kPa induced differential synthesis of ECM components and myofibrogenic/
osteogenic markers by VICs under media stimulation [11]. However, with few exceptions 
[10,15], these studies did not specifically match the mechanical properties of their hydrogels 
to those directly measured from human tissue; instead, they performed comparative high/low 
analyses. Absolute magnitude of stiffness is likely important to modeling disease; specific 
stiffness thresholds have been identified for phenotypic transitions (e.g., myofibrogenic, 
osteogenic, chondrogenic) of VICs [10] and other relevant cell types such as mesenchymal 
stem cells [8].

Here, we used nanoindentation to directly mimic the compressive moduli of our 3D hydrogel 
system to that of native human AV layers. We found that, under basal conditions, both fibrosa-
like and spongiosa-like stiffnesses of our hydrogel compositions maintained VICs as quiescent 
fibroblasts. Meanwhile, under osteogenic media stimulation, naïve non-diseased human 
VICs responded to layer-specific stiffnesses by preferentially producing microcalcifications, 
secreting collagen, and synthesizing MMP-9 within hydrogels that mimicked the biomechanics 
of the most disease-prone fibrosa layer of the human AV. Consistent with rarely observed 
development of CAVD within the spongiosa, S-like hydrogels also exhibited negligible 
increases in calcification and low collagen production. These in vitro phenotypes replicated 
key pathways involved in the progression of this disease in vivo: nano- and microcalcifications 
began to accumulate early in the diseased fibrosa [7,41], eventually forming large macro-scale 
calcific nodules that inhibited leaflet opening/closure. Fibrotic collagen accumulation is also 
a hallmark of CAVD [55], and sclerotic changes in the valve leaflets are likely to mediate 
stiffness increases that further drive pro-myofibro/osteogenic differentiation. In addition, 
matrix metalloproteinases (e.g., MMP-9) upregulated in CAVD were also found to be increased 
in our 3D model, suggesting a sequential remodeling of fibrotic ECM [43,56]. In total, our 
GelMA/HAMA scaffolds were bioactive, allowing us to model VIC ECM remodeling.

One key advantage of bioprinting is the spatial control over hydrogel composition and, 
accordingly, the direction of biomechanics and cellular responses. Our application of 
this approach offers the benefit of bioprinting multiple mechanically distinct layers while 
maintaining a constant hydrogel composition, thereby controlling for any associations 
between GelMA/HAMA pre-polymer concentrations and VIC responses. This method also 
simplifies printing, as only a single bioprinter extruder is required to print multiple layers with 
different biomechanics. The tradeoff necessitated by this approach is differential UV exposure 
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between layers, and resultant differences in hydrogel crosslinking, which has been shown to 
modulate cellular responses in other tissue types [57]. Importantly, the wavelength of UV light 
(365 nm) and the power output (2.5 mW/cm2) we utilized herein produced negligible levels 
of apoptosis in our encapsulated VICs (<~5% after short or long-term culture) and are well-
documented to be compatible with VIC viability and quiescence/myofibrogenic/osteogenic 
responses, depending upon the type of exogenous stimulation [19,20]. If disparities in UV 
dosage are a concern for future applications of this approach, we describe here an alternative 
formulation of 6.67% GelMA/1% HAMA (Table S2) that matches the higher fibrosa stiffness 
while requiring only 30 s of UV exposure (consistent with the 5% GelMA/1% HAMA/30 s 
UV we utilized for the S-like layer). The use of sacrificial molds enabled us to have consistent 
and highly customizable control over hydrogel size (i.e., not limited to the standard well 
plate sizes), negated any meniscus formation, and allowed for free-floating hydrogels. The 
latter ensured hydrogels could be easily manipulated for biomechanical testing, culture under 
complex conditions (e.g., stretch/shear bioreactors), confocal imaging, and histopathological 
sectioning. Nutrient and oxygen diffusion can also occur via all surfaces of the hydrogel. We 
also demonstrated that individual hydrogel layers with different mechanical properties could 
be sequentially 3D-bioprinted into complex multilayered constructs while maintaining their 
unique individual biomechanical properties. Such integrated hydrogel models hold promise 
for future studies of layer-layer interactions/signaling; the use of bioprinting described herein 
promises to enable automated multi-well fabrication of hydrogel arrays suitable for higher 
experimental throughput, testing under hemodynamic loading, and drug target screening. 
Beyond their compatibility with such pharmaceutical technologies, this “organ-on-a-chip”-
like approach also brings us a step closer to non-animal alternatives for preclinical research 
in CAVD [58].

CONCLUSIONS

In summary, we demonstrate the bioprinting process of a 3D in vitro model of human CAVD 
using specific concentrations of GelMA/HAMA hydrogels that enabled us to mimic the ECM 
of native tissue and maintain VIC quiescence under basal conditions. The present study is 
the first to quantify compressive mechanical properties of each layer of the human AV and 
recapitulate those layer-specific biomechanics in vitro. This work also found that induction of 
nano- and microcalcification and pathological differentiation in naïve, non-diseased VICs can 
be driven by layer-specific mechanical properties matching those of the disease-prone fibrosa 
layer of the human AV. Together, these findings establish a novel 3D model for the further study 
of valvular mechanobiology and are an important step towards high-throughput screening of 
drug targets for CAVD in a biologically-relevant model of disease. Broadly, we present a 
generalizable strategy for matching tissue mechanical properties with scalable 3D-bioprinting 
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of in vitro models in tissues with complex ECM composition and mechanosensitive resident 
cell population(s).
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Supplemental Figure 1. Mechanical testing of aortic valve tissue and GelMA/HAMA hydrogels demonstrated 
the validity of bulk nanoindentation measurements: (a) Heat map of storage moduli (G’) generated from 9 
nanoindentations performed across the surface of a valve leaflet layer demonstrated uniformity of nanoindentation-
measured G’ values, (b-d) Stress/strain curves generated by unconfined compression testing of F-like and S-like 
hydrogels showed that the modulus of F-like hydrogels was ~2x that of S-like hydrogels, consistent with moduli 
measured by nanoindentation. Parts c and d are magnification of the linear region of the loading curves in part b. 
Calculation of moduli by linear regression in these regions found a ~2x increase in loading curve slope between 
F-like and S-like hydrogels.
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Supplemental Figure 2. 24-hour hydrogel 
swelling ratios: There was a significant increase in 
the swelling ratio of acellular S-like hydrogels vs. 
those of F-like hydrogels after 24 hours in PBS at 
room temperature. Swelling ratio = (weight24hr 
– weight0hr)/weight24hr; n = 4 samples per 
condition, ** p < 0.01.

 

Supplemental Figure 3. Low levels of short- or 
long-term apoptotic cell death in 3D-bioprinted 
hydrogels, green = TUNEL apoptosis assay, blue 
= Hoechst nuclear stain: (a-c) VICs isolated from 
non-diseased human AV and cultured in NM 
showed negligible levels of apoptosis at 3 (a) 
or 14 (b) days after bioprinting. There were no 
significant differences in apoptosis between F-like 
or S-like hydrogels, nor between the day 3 and 
day 14 time points. n = 3 samples per condition (3 
images per sample); scale bar = 50 μm. Note: Part 
b and associated quantification data is duplicated 
from Figure 5a, to enable direct comparison here.
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Supplemental Figure 4. Uniformity of encapsulated 
VIC distributions in 3D-bioprinted hydrogels, blue 
= Hoechst nuclear stain: (a/b) Representative cross-
sectional images of cell distribution in F-like and 
S-like hydrogels after 3 (a) and 14 (b) days in NM 
culture demonstrated evenly distributed initial VIC 
seeding was maintained over long-term culture of 
hydrogels; scale bar = 100 μm.

Supplemental Figure 5. OM stimulation induced 
marked VIC collagen secretion after 28 days in 
hydrogel culture: (a,b) VICs isolated from non-
diseased human AV and exposed to OM (and not 
NM) for 28 days stimulated substantial production 
of collagen, as shown by representative images 
of collagen-binding probe (CNA35) fluorescence 
(green); scale bar = 100 μm.
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ABSTRACT

Aortic valve disease is a major contributor to cardiovascular diseases. Besides aortic valve 
replacement interventions, there are no drug-based treatments. Microarray studies identified 
microRNA-214 (miR-214) as an accelerant in inflammatory reactions in human aortic 
valve interstitial cells (haVIC). Traditionally, in vitro these findings would be validated in a 
2-dimensional (2D) cell culture system. However, haVICs are mechanosensitive cells and are 
greatly affected by substrate stiffness. Therefore, we previously developed a 3-dimensional 
(3D) model of calcific aortic valve disease that better mimics the aortic valve leaflet stiffness, 
providing an environment that closely resembles the native extracellular matrix mechanical 
properties. In this study, we modulated miR-214 levels in haVICs in 3D-bioprinted constructs 
to evaluate its role in the formation of microcalcifications. Exposing haVICs to osteogenic 
factors resulted in the formation of microcalcifications. Increasing miR-214 levels in de 
stimulated 3D constructs resulted in a reduction of the number of microcalcifications. 

Keywords: aortic valve disease, calcification, 3D model, microRNA (miRNA)
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INTRODUCTION

As the aged population is expanding rapidly, incidence of calcific aortic valve disease 
(CAVD) is increasing accordingly [1]. Consequently, it is taking a more prominent role in 
contemporary cardiology. Recent research into the pathobiology of the disease has uncovered 
multiple active biological mechanisms that underlie non-rheumatic aortic stenosis, making the 
label ‘degenerative’ aortic stenosis a misnomer [2]. 

The native, healthy aortic valve (AV) facilitates unidirectional blood flow from the left 
ventricle into the systemic circulation. The AV is made up of three distinct layers: the elastin-
rich ventricularis layer facing the ventricle providing the elasticity for extension and recoil, 
the collagen-rich fibrosa layer on the aortic side giving the valve its tensile strength, and the 
glycosaminoglycan-rich spongiosa layer acting as a bearing surface between the two. These 
three layers house the valve interstitial cells (VIC) that maintain the extra-cellular matrix 
(ECM) and are lined with a monolayer of valve endothelial cells (VEC) on the blood-contacting 
surfaces [3]. In CAVD, calcifications develop primarily in the fibrosa [4]. Pathological ECM 
remodelling and calcification in the fibrosa layer is a hallmark of CAVD [5]. Whereas VICs 
normally reside in a quiescent state, VICs differentiate into an osteoblast-like phenotype as the 
disease progresses, depositing calcium minerals in the ECM [6].

Recently, it was discovered that miR-214 accelerates inflammatory reactions in haVICs, 
thereby stimulating calcification. microRNAs are short, single-stranded RNA molecules 
that regulate post-transcriptional gene expression. Patients with aortic stenosis display 
higher blood and AV tissue levels of miRNA-214 as compared to healthy valves from 
control patients. In 2 dimensional (2D) cultured haVICs, overexpression of miRNA-214  
in vitro resulted in increased production of pro-inflammatory mediators ICAM-1,  
IL-6, IL-8, and MCP-1, through MyD88/NF-κB signalling. Additionally, stimulated MyD88/
NF-κB signalling increased known calcification markers Runx2, Msx2, and BMP2 [7]. 
Furthermore, co-culture of M1 macrophages with VICs resulted in decreased expression 
levels of TWIST1, a direct target of miRNA-214, and increased calcification [8]. miRNA-214 
inhibition reduced calcification, and knockdown of TWIST1 reversed the effect of miRNA-214 
inhibition, indicating a mediating role of TWIST1 in macrophage induced calcification in 
VICs via miRNA-214, probably via delivery of miRNA-214 in M1 macrophage-derived 
microvesicles. Knockdown of miRNA-214 in ApoE-/- mice on a high cholesterol diet reduces 
AV calcification [8]. Contrastingly, in several other studies, miRNA-214 was downregulated 
in calcified human AV tissue compared to healthy AV tissue [9-11]. These findings were, 
however, not confirmed by in vitro follow-up studies. Thus, in this paper we aim to clarify the 
role of miR-214 in aortic stenosis. 
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It has previously been demonstrated that human aortic VICs behave differently in traditional 
2D in vitro cell culture settings than in native AV tissue. On 2D tissue culture polystyrene, 
quiescent porcine aortic VICs spontaneously become activated myofibroblast-like cells 
[Hjortnaes et al 2015], whereas in 3D porcine aortic VICs remain quiescent. Recently non-
diseased human aortic VICs were shown to maintain better a quiescent state, yet could become 
activated by osteogenic stimulation in a 3D bioprinted human CAVD model [12]. 3D in vitro 
models better replicate cell/tissue organisation and the stiffness of native ECM environment of 
the AV leaflets and are thus a more accurate representation of aortic valve disease progression.

Hence, this research aims to further investigate the role of miRNA-214 in aortic stenosis. 
Using the aforementioned 3D model of human CAVD to create a more accurate representation 
of valve disease, the effects of stimulating and inhibiting miRNA-214 levels on calcification 
are assessed to clarify the role of miR-214 in aortic stenosis. 

METHODS

Aortic Valve Harvest, VIC Isolation, Culture, and Encapsulation
All AV tissue is anonymously derived from hearts explanted at the University Medical Center 
in Utrecht. These tissues are cleared for use in research projects by a general hospital waiver, 
approved by the authorized local Medical Ethics Review Committee (Medisch Etische 
Toetsingscommissie, METC, Utrecht, Netherlands). As such, no individual informed consent 
from the patient was necessary. 

Diseased AV leaflets were obtained from patients undergoing valve replacement surgery 
at University Medical Center Utrecht (Utrecht, the Netherlands) as a result of AV calcific 
stenosis. Leaflets were obtained and processed in accordance with protocols approved by 
the METC. After the excision, leaflets were kept in Dulbecco's Modified Eagle's Medium 
(DMEM, Gibco, Thermo Fisher Scientific NL) for a maximum of 1h. Two of the 5 excised 
AVs were excluded from further experiments due to necrosis. VICs were isolated as 
previously described [13]. Briefly, CAVD AV leaflets were cut into 5 mm x 5 mm pieces, 
incubated in 10 mL collagenase (Roche 10103586001) solution at 37 °C, 5% CO2 for 12 h, and 
homogenized with a serological pipette. The digested tissue was centrifuged, the supernatant 
aspirated, and the pellet resuspended in 5 mL VIC cell culture media. The cells were then 
centrifuged a second time, resuspended in 10 mL VIC cell culture media, and plated in a T75 
culture flask. VIC cell culture media, or normal media (NM) (DMEM, Gibco, Thermo Fisher 
Scientific NL) was supplemented with 10% foetal bovine serum (FBS, Producer) and 1% 
Penicillin/Streptomycin (P/S, Gibco, Thermo Fisher Scientific NL). Media was replenished 
every 48 h. VICs of passage five were used for further experiments. VICs were incorporated 
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in hydrogel pre-polymers by mixing VICs and media (to a final in-gel concentration of  
10 × 106 cells/mL) with a 10 wt % GelMA, 3 wt % HAMA, and 5 wt % lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) solution at 37 °C to form a 5% GelMA, 1% HAMA, and 
0.3% LAP hydrogel. One day after printing, hydrogels were switched to normal media (10% 
FBS, 1% P/S) or osteogenic media (OM; NM supplemented with 10 nM dexamethasone, 10 
ng/mL ascorbic acid, and 10 mM β-glycerolphosphate) as previously described [14] for up to 
14 days or 21 days. Media was changed every 48 h for all cell-laden constructs. 

GelMA/HAMA synthesis
GelMA and HAMA were prepared as described previously [15,16]. In brief, gelatine (20.0 g) 
from porcine skin (Sigma-Aldrich, St. Louis, MO, USA, G2500) was suspended in deionized 
water (200 mL) in a 500-mL round bottom flask with moderate stirring for 1 h. The mixture was 
heated to 50 °C and was stirred until gelatine was completely dissolved. Methacrylic anhydride 
(12.0 g) (Sigma-Aldrich, 276685) was then added to the flask, and the mixture was stirred at 50 
°C for 1.5 h. The product was transferred to 50 mL conical tubes and centrifuged at 3500× g for 5 
min. The supernatant was decanted into a beaker, leaving behind an opaque solid at the bottom of 
the conical tubes. The supernatant was then diluted with two volumes of 40 °C deionized water 
and was transferred to dialysis tubing (10 kDa MWCO, SpectraPor 7, Spectrum Laboratories, 
Rancho Dominguez, CA, USA, 123120). This tubing (containing the GelMA supernatant) was 
dialyzed against 3500 mL of deionized water at 40 °C for seven days, with the water changed 
twice per day. The contents of the dialysis tubing were then transferred to a beaker and pH 
adjusted to 7.4 using a 1 M solution of NaHCO3. The solution was sterile filtered with a 0.2 μm 
vacuum filtration unit and a polyethersulfone (PES) membrane, transferred to 50 mL conical 
tubes, snap frozen on liquid nitrogen, and lyophilized until complete dryness (approximately 
10–14 days) to produce GelMA as a white solid powder.

For HAMA synthesis, sodium hyaluronate (1.0 g) (Lifecore Biomedical, Chaska, MN, USA, 
HA40K) was dissolved in 1X phosphate-buffered saline (PBS) (100 mL) in a 250 mL round 
bottom flask and cooled to 4 °C. Methacrylic anhydride (1.0 mL) was added and stirred at 4 
°C for 24 h; pH was maintained between 8.0 and 10.0 at the beginning, middle, and end of 
the reaction period using aliquots of 5 M NaOH. After 24 h the reaction was transferred to 50 
mL conical tubes, centrifuged at 3500× g for 5 min, and the supernatant was decanted into 
dialysis tubing (10 kDa MWCO, SpectraPor 7). The tubing containing the HAMA solution was 
dialyzed against 3500 mL of deionized water at 4 °C for seven days, with the water changed 
twice per day. Tubing contents were transferred to a beaker and the pH adjusted to 7.4 using 
a 1 M solution of NaHCO3. The solution was sterile filtered with a 0.2 μm vacuum filtration 
unit with a PES membrane, transferred to 50 mL conical tubes, snap frozen on liquid nitrogen, 
and lyophilized until complete dryness (approximately 10–14 days) to produce HAMA as a 
white solid powder.
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Pre-polymer solutions were mixed prior to printing. Measured weights of lyophilized GelMA, 
lyophilized HAMA, and LAP (Sigma-Aldrich, Atlanta, GA, USA) were dissolved in PBS at 
80 °C to form 10 wt %, 3 wt %, and 5 wt % solutions, respectively. GelMA solution sonicated 
at 37 °C, and the pH of HAMA was adjusted to 7.5 using 1 M NaOH. Solutions were reheated 
to 80 °C for 20 min and sterile-filtered using a 0.2 μm syringe filter. Final solutions were 
stored at 4 °C and warmed to 37 °C prior to each experiment. For the fabrication of hybrid 
hydrogels, the 10 wt % GelMA, 3 wt % HAMA, and 5 wt % LAP solutions were mixed in PBS 
at 37 °C. This yielded hybrid hydrogel pre-polymer solutions with concentrations of 0.3% 
(v/v) LAP, 1% (v/v) HAMA, and 5% (v/v) GelMA.

3D CAVD model printing and crosslinking
Constructs were fabricated on T = -3 days to -1 day using the previously described 3D 
bioprinting protocols [12]. Briefly, constructs were designed in Tinkercad (AutoDesk, Inc., 
San Rafael, CA, USA), and encoded using Repetier-Host (version 2.0.0; Hot-World GmbH & 
Co. KG, Willich, Germany), and Sublime Text 3 (Sublime HQ, Pty Ltd., Darlinghurst, NSW, 
Australia). 3D-bioprinting was performed using the Inkredible+ (CELLINK, Cambridge, 
MA, USA). Pluronic gel (Pluronic F-127; Allevi, Philadelphia, PA, USA) was printed as a 
cylindrical mould (outer diameter = 9.0 mm, inner diameter = 8.6 mm, height = 1.5 mm) using 
a stainless steel needle nozzle (JG27-0.25HPX; Jensen Global Inc., Santa Barbara, CA, USA) 
at a fill density of 95%, layer height of 0.1 mm, printing speed of 4mm/s, and printing pressure 
of 300 kPa.

The second extruder was filled with the required hydrogel pre-polymer compositions  
and heated to 37 °C. A hydrogel disc was then printed inside the mould from the second extruder 
using a 23 G stainless steel nozzle (Fisnar 5901005, Ellsworth Adhesives, Germantown, WI, 
USA) by opening the valve of the second extruder for 40 ms at 7-10 kPa. Crosslinking the pre-
polymers for 30 s with 365 nm UV light produced 8.6 mm × 1.0 mm hydrogel discs. The UV 
light was calibrated to an intensity of 2.5 mW/cm2 using a radiometer (85009, Sper Scientific 
Direct, Scottsdale, AZ, USA). After printing, the Pluronic gel was dissolved by washing in 37 
°C PBS. Constructs were transferred to 24 well tissue culture plates and 1 mL NM was added.

miRNA transfection
Cell-laden constructs were transfected on day 1 and day 7 with 50 nM hsa-miRNA-214-
mimic, hsa-miRNA-214-inhibitor, miRNA Mimic Negative Control #1, or miRNA Inhibitor 
Negative Control #1 (Thermo Scientific mirVana 4464066, 4464084, 4464058, 4464076), 
respectively, using LipoFectamine RNAiMAX (Thermo Fisher Scientific 13778150) according 
to manufacturer’s protocol, and incubated at 37 C, 5% CO2 for 6 h prior to supplementing with 
1 mL NM.
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Calcification and Apoptosis Assays
A near infrared fluorescence (NIRF) imaging agent (OsteoSense 680EX; PerkinElmer, 
Waltham, MA, USA) was used to visualize nano- and microcalcification. OsteoSense 680EX 
was added to the cell culture media at a 1:100 dilution and cells were incubated overnight at 37 
°C, 5% CO2 for 12 h prior to imaging. Apoptosis was assessed by Click-iT TUNEL (Thermo 
Fisher Scientific, Waltham, MA, USA) assays according to the manufacturer's instructions. 
Confocal imaging (Leica SP8) was performed as follows: three hydrogels per condition were 
imaged as z-stacks (10 μm/slice) per hydrogel. Z-stacks were analysed using our Python script.

Automatic 3D-image analysis 
Automatic analysis of the 3D microscopic samples was performed to extract the quantity of 
haVIC nuclei, and the quantity and size of calcified nodules in the constructs. A Gaussian filter 
was used to remove background noise from the image stacks. With a grid-search the optimal 
values for the Gaussian filter and threshold were determined (Supplementary Figure 2). The 
cell count in the image analysis was compared with the number of cells present in the sample 
(1.0 x 107 cells / mL) to define the optimal threshold for segmentation of cell nuclei and the 
optimal smoothing value for Gaussian filtering. After filtering, a watershed [17] segmentation 
was performed to separate touching cells. Connected components [18] were used to determine 
the number of cells and the number of calcified nodules in the sample. Image analysis was 
performed in Python [19] with the scikit-image package [20]. Code is available upon request. 

Initially, conforming to previous studies [12], maximum intensity projections of Z-stacks were 
created and microcalcifications were quantified using ImageJ. Briefly, the positive stain area 
was quantified in the compressed maximum intensity projections in individual channels after 
setting uniform thresholds across all donors (n = 3). Using maximum, or average, intensity 
projections can result in loss of three-dimensional data that is present in the Z-stacks. 

Thus, to improve the quantification method and extract more accurate information, a 
connected component analysis was tailored specifically to this data set using Python scripts 
for automatic 3D image analysis. Connected component analysis allows the identification 
and quantification of particles that are physically above each other (different z-coordinates, 
same x- and y- coordinates) that would be lost in the compression used in maximum intensity 
projections (Supplementary Figure 1). This results in more accurate quantification of cells 
and microcalcifications. Using ImageJ quantification on maximum intensity projections 
yielded approximately 1.0 x 103 nuclei per construct, whereas connected component analysis 
more accurately determined the quantity of nuclei at around 1.0 x 104 nuclei per construct, 
confirming the final cell concentration of 1.0 x 107 cells/ml.
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Statistics
Outliers were removed from raw data using the ROUT method (Q = 5%) prior to calculating 
relative calcification levels. One-way ANOVA with Brown-Forsythe and Bartlett’s tests 
were used as appropriate to evaluate statistically significant differences in multiple group 
comparisons (GraphPad Prism 8, GraphPad Software LLC, La Jolla, CA, USA). 

RESULTS

Osteogenic stimulation increases calcification in haVICs in a 3D human 
CAVD model 
To validate our 3D-bioprinted constructs and the calcifying abilities of the haVICs, we 
exposed haVIC laden 3D constructs to osteogenic media (OM) stimulation. After 14 days, 
compared to constructs cultured in normal media (NM), we observed a significant increase in 
microcalcifications (5-fold) (Figure 1a,b). Cell viability remained high across all conditions 
(>98%) (Figure 1c). The absence of apoptotic cell death across all conditions confirmed that 
apoptosis did not cause, or drive, calcification in the groups exposed to osteogenic media.

Fluorescently labelled miRNAs infiltrate haVICs in a 3D human CAVD 
model
Next, to validate the potential of miRNA intervention in our cell-loaded constructs and 
thereby eliminate poor infiltration of the miRNA-214 precursors and inhibitors, transfection 
of haVICs was visualized in the 3D CAVD model. Hsa-miRNA-214-mimic labelled with a 
Cy5.5 fluorescent probe was complexed with LipoFectamine and added to day 1 constructs. 
Upon addition of Hoechst nuclear stain and CellTracker Green, we observed that the miRNA-
mimics infiltrated the haVICs (Figure 1d). 

miRNA-214 reduced osteogenic media-induced microcalcifications in a 
3D human CAVD model 
To assess the effects of miR-214 modulation on the formation of microcalcifications, haVICs 
from three different donors in 3D constructs were exposed to either NM or OM for 14 days, 
and transfected on days 1 and 7 with miRNA-214-mimic, miRNA-214 anti-miR, and their 
respective controls. This data shows that exposure to OM in the 3D CAVD model results in 
a 5.3-fold increase in the formation of microcalcifications in haVICs (Figure 2 D). In NM, 
neither stimulation nor inhibition of miRNA-214 has a significant effect on the formation 
of microcalcifications. The addition of miRNA-214 attenuates the effects of OM, restoring 
calcification to levels equivalent to the NM untreated groups. The addition of anti-miRNA-214 
seems not to affect the calcification. 
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Figure 1 – (a) 3D visualization (1162.5 µm x 1162.5 µm x 400 µm) of microcalcifications (red, near infra-red 
calcification marker OsteoSense 680EX) in a 3D bioprinted calcific aortic valve disease (CAVD) with human aortic 
valve interstitial cells (haVICs, blue, Hoechst nuclear stain). (b) Exposure to osteogenic media (OM) compared 
to normal media (NM) results in a five-fold increase in microcalcifications in CAVD constructs, as quantified 
by automated analysis based on connected component analysis in Python. (c) TUNEL assay demonstrates high 
cell viability (>98%) across all groups. (d) Cy5.5-labelled miRNA-214 mimics (red) infiltrate haVICs in the 3D 
constructs. Nuclei are labelled with Hoechst (blue) and cells with CellTracker Green Dye (green). Mean ± SEM (* 
p < 0.05; ** p < 0.01). Scale bar 10 µm.
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Figure 2 - Calcification levels in 3D bioprinted VIC-laden constructs. Constructs from 3 different donors with 3 biological 
replicates per group were exposed to normal media (NM) and osteogenic media (OM) and transfected with miR-214 
mimic or inhibitor. Microcalcifications are visualized with infra-red fluorescent calcium marker OsteoSense 608EX 
(Red) and haVICs are quantified based on nuclear staining Hoechst (Blue). Representative images of (a) NM untreated,  
(b) OM untreated and (c) OM transfected with miR-214. Scale bars are 100 µm. (d) Calcification levels as assessed 
by near infra-red fluorescent calcium marker OsteoSense 608EX (Red) are presented as the relative calcification 
controlled for cell count as assessed by Hoechst (Blue), normalized to the normal media untreated group and 
respective transfection controls. Mean ± SEM (* p < 0.05; ** p < 0.01).

DISCUSSION

In this study, haVICs from CAVD patients were isolated after aortic valve replacement surgery 
and cultured in 3D constructs. Cells were exposed to normal cell culture media (NM) or media 
supplemented with osteogenic factors (OM) for 14 days to induce osteogenic differentiation 
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and stimulate the production of microcalcifications. In these 14 days, the cells were transfected 
on days 1 and 7 with miRNA-214 mimic, anti-miRNA-214, miRNA mimic negative control #1, 
or miRNA inhibitor negative control #1, to assess the role of miRNA-214 in the calcification 
process. Microcalcifications were quantified with a connected components analysis optimized 
for these 3D constructs using a tailored Python script. Our results showed that exposure to OM 
increases the formation of microcalcifications in haVICs after 14 days, and that introducing 
miRNA-214 precursor halted the formation of microcalcifications. 

Role of miRNA-214 in AV disease is conflicting
Previous research has shown mixed outcomes regarding the role of miR-214 in AV disease. 
Zheng et al. showed that, compared to non-calcified/healthy controls, AV tissue and blood 
samples from CAVD patients, overexpressed TLR-4, MyD88, and NF-κB. They demonstrated 
increased miRNA-214 levels and mRNA levels of TLR-4, MyD88, and NF-κB in the blood and 
tissue samples of CAVD patients, based on only 8 samples in each group. These findings were 
then validated in 2D in vitro follow up experiments, confirming that increasing miRNA-214 
resulted in increased calcification [7]. 

In contrast to the findings by Zheng et al, in multiple other studies, miRNA-214 was downregulated 
in calcified human AV tissue compared to healthy AV tissue [9-11], ranging from 4-16 samples 
per group. These results were, however, not validated by detailed in vitro follow-up studies. This 
provided the basis to study miRNA-214 manipulation in a 3D valve disease model, to clarify the 
role of miRNA-214 in CAVD using a model that more accurately represents the native haVIC 
ECM. The results of our 3D in vitro transfection experiments tend to support the hypothesis that 
miRNA-214 can reduce the production of microcalcifications in haVICs. 

However, a limitation of our 3D experiments is the inconsistency in calcification levels 
observed in the OM groups transfected with miRNA Inhibitor Negative Control #1 
(Supplementary Figure 3). The calcification measured in the OM anti-miRNA negative 
control group is 18-19 fold higher than the NM untreated group in 2 valves, whereas a 
proper functioning negative control anti-miRNA should display consistency. To compensate, 
we normalized OM anti-miR-214 values to the NM miRNA Inhibitor Negative Control #1 
values, which were stable across all donors and displayed less variation (mean = 0.733,  
SEM = 0.185). 

Despite the similarity in the methods employed in the experiments conducted by Zheng et al. 
and the experiments described in our paper (transfection protocol, dose, agent, calcification 
readout), miRNA-214 stimulation seems to have the opposite effect [7]. The main difference 
is that Zheng et al. used haVICs from non-diseased valves in a 2D cell culture setting, while 
we used haVICs from CAVD patients in a 3D in vitro model. Therefore, repeating these 
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experiments in 3D with non-diseased haVICs would be a more optimal experimental setting 
to show superiority of a 3D system. In addition, miRNA-214 levels should be measured in 
these follow-up experiments during osteogenesis and before and after transfection to be able 
to quantify its role more accurately. 

Limitations of using haVICs from patients undergoing AVR surgery
In this study, all AV donors underwent the same surgical procedure, though the pathobiology 
of CAVD could have been different between donors. As CAVD is a multifactorial disease, 
different pathways could have been the predominant drivers of calcification in the different 
donors [2]. The role of miRNA-214 in the inflammatory/oxidative-stress driven pathway is not 
clear, and in the hyperphosphatemia pathway underreported. This difference in pathobiology 
could explain the differences observed in the results between the constructs with haVICs 
from the different donors (Supplementary Figure 4). The multifactorial disease mechanism 
combined with the limited number of AVs (n = 3) reduced the power of this study to draw 
strong conclusions. Ideally, a sufficient number of AVs from both male and female donors is 
used to first identify differences in disease development (between the sexes) and then validate 
these findings.

Additionally, porcine aortic VICs were previously shown to produce calcific nodules in a 
3D hydrogel model only at day 21 [21]. These results were obtained in a 3D hydrogel model 
with different mechanical properties, specifically with a lower compressive modulus of 
approximately 5 kPa. It has since been demonstrated that human AVs have higher compressive 
moduli [12], and that haVICs from non-diseased AVs produce calcific nodules in a 3D hydrogel 
model that accurately mimics these mechanical properties as a result of osteogenic stimulation 
after 14 days already. Here, we show that haVICs from CAVD patients in a 3D construct, 
according to our previously published protocol [12], develop microcalcifications after 14 of 
osteogenic stimulation.

Non-diseased human AV tissue is increasingly difficult to obtain, because early/non-diseased 
human tissue is seldom subject to surgical replacement. Arguably, AVs from patients 
undergoing heart transplantation surgery could be harvested for research, provided that the 
pathology requiring transplantation has not affected the AV. The use of non-diseased haVICs in 
the 3D CAVD model would allow more accurate investigation of the effect of miRNA-214 in 
the development of CAVD, as the control group would be a healthy control and the formation 
of microcalcifications is stimulated only through supplementing the cell culture media with 
osteogenic factors. 
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Simplification of AV pathobiology associated with the use of in vitro 
models
Despite the improved mechanical properties and more accurate representation of ECM and 
tissue organisation of the 3D CAVD model, more advanced models that replicate more facets 
of CAVD pathobiology could be developed. First, the dynamic environment of the AV could 
be replicated by applying stretch and shear forces on the model. HaVICs populate a dynamic 
environment and are continuously subjected to mechanical stresses. Porcine AVs, paVICs, 
and paVECs have been subjected to stress to study the effect of a dynamic environment on 
calcification [22,23]. Stretch and shear forces contribute to CAVD pathogenesis [24-26], 
and endoplasmic reticulum stress via the PERK-eIF2α-ATF4 signalling pathway has been 
shown to play a role in AV calcification in animals [27, 28], and in vascular calcification 
[29]. ATF4 is a known target of miRNA-214, and high levels of miRNA-214 inhibit bone 
formation in human femurs through inhibition of osteoblast formation, which was identified 
in human osteoporotic bone specimens [30]. Adding the dimension of mechanical stress to the 
3D human CAVD model would be of interest. 

Of note, porcine models of AV disease are often used as a model for human CAVD, as a 
result of the similarities between human AVs and porcine AVs, including the tri-layered 
structure [31]. There are however considerable differences in ECM composition and disease 
progression, for the human AV calcifies more easily than the porcine AV [32,33]. Therefore, 
inter-special differences are likely to exist. Thus, in vitro models based on human VICs rather 
than porcine VICs will more accurately represent CAVD characteristics. 

Second, including other cell types native to the AV would improve the accuracy of a 3D in 
vitro model. Human aortic valve endothelial cells (haVECs) line the AV to protect against 
high shear in a high stress environment [34]. It was previously shown that the haVECs can 
differentiate into osteoblasts via osteogenesis, preceded by endothelial-to-mesenchymal-
transition, which can be inhibited by haVICs [35]. Adding haVECs to the 3D CAVD model 
would create an opportunity to study VIC-VEC interaction. Furthermore, as introduced 
previously, immune cells infiltrate the AV during pro-inflammatory stages of CAVD [36,37]. 
When non-diseased haVICs and haVECs would be used to establish a 3D CAVD model, co-
culture with macrophages and CD8+ T lymphocytes would yield a model that more accurately 
represents early, pro-inflammatory stages of AV calcification. The aforementioned studies that 
quantified miR-214 levels in AV tissue did not specify which cell types in the AV expressed 
miR-214 differentially [7, 9-11]. Thus, assessing miR-214 expression levels in the different 
cell types present in diseased AV tissue would improve our understanding of its role in CAVD.
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Furthermore, variation in calcifying capacity between donors (n = 9) and between passages 
has been observed previously [38]. Two types of calcifying media were tested in 2D culture 
over 4 passages. haVICs stimulated with OM (containing organic phosphate) calcified less 
easily after multiple passages compared to haVICs cultured in pro-calcifying media (normal 
media supplemented with L-ascorbic acid and inorganic phosphate). We observed fewer 
microcalcifications in the group treated with OM in one of our donors (Supplementary 
Figure 3), yet overall, in these experiments and in previous experiments [12], haVICs form 
significantly more microcalcifications after exposure to OM in 3D culture. This requires 
further investigations, and, for ease of comparison, the field would benefit from a more 
uniform approach in cell culture practice and stimulation of calcification. 

CONCLUSION

In line with previous studies [9-11], our data shows that miR-214 reduces the formation of 
microcalcifications in vitro. The role of miR-214 in CAVD is complex, and contradictory 
results are evidence for multiple pathways active in this disease. Further research into the 
pathobiology is required, which would benefit from a more uniform approach and larger 
sample sizes. For a disease that currently affects a quarter million people annually, screenings 
ought to be performed with sufficient samples to accurately reflect the patient population 
to differentiate between the different pathologies leading to CAVD [2]. Furthermore, the 
multiple cell types present in the native AV must be sorted and miR-214 expression levels 
must be assessed in each cell type separately to fully understand the role of miR-214 in CAVD. 
Most importantly, due to the mechano-sensitive nature of haVICs, 3D in vitro models that 
accurately mimic the native AV ECM are essential to study haVIC behaviour and pathology. 
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SUPPLEMENTARY FIGURES

Figure 1 – Illustration comparing Maximum Intensity Projections (MIP) to Connected Component Analysis 
(CCA). Grey spheres represent calcific nodules. 3-dimensional data about particles aligned in the Z direction is lost 
in MIPs. CCA preserves this data.
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Figure 3 – Average calcification levels in 3D bioprinted VIC-laden constructs from 3 different donors with 3 
biological replicates per group presented as the relative calcification controlled for cell number, normalized to the 
normal media untreated group. Outliers were removed from raw data using the ROUT method (Q = 5%) prior to 
calculating relative calcification levels. One-way ANOVA with Brown-Forsythe test were used as appropriate to 
evaluate statistically significant differences, mean ± SEM (* p < 0.05; ** p < 0.01).
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Figure 4 - Calcification levels in 3D bioprinted VIC-laden constructs per donor with 3 biological replicates per 
group presented as the relative calcification controlled for cell number, normalized to the normal media untreated 
group. Mean ± SEM (* p < 0.05; ** p < 0.01).
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ABSTRACT

Differential expression of microRNAs (miRNAs) plays a role in many diseases, including 
cancer and cardiovascular diseases. Potentially, miRNAs could be targeted with miRNA-
therapeutics. Sustained delivery of these therapeutics remains challenging. This study couples 
miR-mimics to PEG-peptide gold nanoparticles (AuNP) and loads these AuNP-miRNAs in 
an injectable, shear thinning, self-assembling polymer-nanoparticle (PNP) hydrogel drug 
delivery platform to improve delivery. Spherical AuNPs coated with fluorescently labelled 
miR-214 are loaded into an HPMC-PEG-b-PLA PNP hydrogel. Release of AuNP/miRNAs 
is quantified, AuNP-miR-214 functionality is shown in vitro in HEK293 cells, and AuNP-
miRNAs are tracked in a 3D bioprinted human model of calcific aortic valve disease (CAVD). 
Lastly, biodistribution of PNP-AuNP-miR-67 is assessed after subcutaneous injection in 
C57BL/6 mice. AuNP-miRNA release from the PNP hydrogel in vitro demonstrates a linear 
pattern over 5 days up to 20%. AuNP-miR-214 transfection in HEK293 results in 33% 
decrease of Luciferase reporter activity. In the CAVD model, AuNP-miR-214 are tracked 
into the cytoplasm of human aortic valve interstitial cells. Lastly, 11 days after subcutaneous 
injection, AuNP-miR-67 predominantly clears via the liver and kidneys, and fluorescence 
levels are again comparable to control animals. Thus, the PNP-AuNP-miRNA drug delivery 
platform provides linear release of functional miRNAs in vitro and has potential for in vivo 
applications.

Keywords: drug delivery, hydrogels, nanoparticles, microRNA, calcific aortic valve disease, 
bioprinting, 3D printing 
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INTRODUCTION

Since their discovery, microRNAs (miRNAs) have become a focus of (bio)medical research. 
The research community has elucidated the role of miRNAs in the etiology and progression 
of various diseases, including cardiovascular disease [1,2,3], cancer [4,5], and hepatitis C [6]. 
The discovery of their central role in several pathological conditions has provided the basis for 
using miRNAs in the treatment of these diseases. For example, miR-34 has been tested in phase 
I trials to treat multiple types of cancer (ClinicalTrials.gov: NCT01829971, NCT02862145) 
and miR-122 has been explored for the treatment of hepatitis C [6]. The latter successfully 
completed phase II, whereas the former two trials were terminated prematurely due to serious 
adverse events, including enterocolitis, hypoxia/systemic inflammatory response syndrome, 
colitis/pneumonitis, hepatic failure, and cytokine release syndrome/respiratory failure that 
could be attributed to the treatment [7]. The mixed outcomes of these trials highlight the 
potential of miRNA therapeutics and the present challenge in their successful delivery to the 
targeted cells and tissues. 

Prior to clinical testing and application, there are several hurdles for RNA therapeutics to 
overcome regarding their delivery, retention, stability, and degradation. To prevent endosomal 
degradation, miRNAs were functionalized with fusogenic pH-sensitive peptides that enabled 
endosomal escape [8]. When miRNAs are injected directly, washout is high and retention is 
low [9]. Carrier vehicles and modifications have been explored to reduce the washout and 
improve the delivery of miRNAs. We previously described non-viral vectors to improve 
delivery, including lipids [10], microbubbles [11], polymers [12], and inorganic materials [13], 
as well as modifications to improve both biostability and binding stability [14]. Injectable 
hydrogels are promising candidates to improve and localize the delivery of therapeutic miRNA 
molecules while allowing minimally invasive application.

Injectable hydrogels have been designed with natural or synthetic polymers, including 
ECM [15], collagen, fibrin, alginate, functionalized poly(ethylene glycol) (PEG), or  
poly(N-isopropylacrylamide) (pNIPAM) [16]. Traditionally, hydrogels have been based on 
covalent cross-linking methods that require initiation by temperature [17], light [18], or a 
change in pH [19,20,21]. For biomedical applications, including drug delivery, these covalent 
cross-linking methods can provide an additional hurdle, as the cross-linking reaction is 
not instantaneous, and drugs can be lost during network formation. Additionally, for some 
materials it requires an external stimulus or an instrument, such as a UV light source. To 
simplify the application of hydrogels and avoid the challenges associated with covalent 
cross-linking, non-covalent cross-linking allows for spontaneous gel formation without an 
external trigger. In addition, non-covalent hydrogels often exhibit shear-thinning (the ability 
to flow upon application of stress) and self-healing (reformation of the gel upon relaxation 
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of the external stress) properties. Shear-thinning facilitates injection and minimally invasive 
delivery, thus improving clinical application.

Injectable hydrogels have been developed using leucine zipper domains [22], dock-and-lock 
proteins [23], and host-guest interactions [24]. A pH cross-linkable hydrogel was developed 
for miRNA delivery based on non-covalent ureido-pyrimidinone (UPy) cross-linking. Near 
complete release of miRNA molecules from UPy gels was achieved after two days [21]. This 
release could be extended by modification of the miRNA molecules with cholesterol groups. 
We recently developed a class of shear-thinning and self-healing hydrogels based on polymer–
nanoparticle (PNP) interactions [25,26]. These properties arise from the reversible, non-
covalent interactions between the polymer and the nanoparticles within the gel, employing 
a hydroxypropylmethylcellulose derivative (HPMC-C12) and core-shell nanoparticles 
[poly(ethylene glycol)-block-poly(lactic acid) (PEG-b-PLA) nanoparticles].

This research set out to improve both the biostability and the delivery of miRNA. In order 
to improve biostability and reduce degradation the miRNA molecules were attached to gold 
nanospheres (AuNP) that were functionalized with poly(ethylene-glycol) (PEG) [13,27,28,29]. 
In addition, influenza hemagglutinin (HA1) peptide was added to stimulate endosomal escape 
intracellularly by destabilizing the endosomal membrane. 

These functionalized AuNP (AuNP-miR) were loaded into a biocompatible, shear-thinning, and 
self-healing injectable hydrogel, based on the PNP gel platform, in order to improve minimally 
invasive, local, and sustained delivery. This research shows (1) linear release of AuNP-miRs 
from the PNP hydrogel over multiple days, and (2) that AuNP-miRs retain functionality in 
vitro. Additionally, it shows that (3) AuNP-miRs retain functionality by employing an in vitro 
miRNA reporter assay and a complex model system, specifically in a 3D in vitro model of 
human calcific aortic valve disease. [30] Lastly, it shows (4) the biodistribution of AuNP-
miRs after subcutaneous injection in vivo. Together, this data demonstrates an innovative 
approach to achieve controlled release of functional miRNA from an injectable, self-healing 
PNP hydrogel.

RESULTS & DISCUSSION

Production of AuNP-miR-loaded PNP hydrogels
To engineer an injectable biomaterial for controlled release of miRNAs, we prepared AuNP-
miRNAs within PNP hydrogel formulations. We synthesized the PNP hydrogel components and 
functionalized the AuNPs with PEG, miR-67 or miR-214, and HA1-peptide (Figure S1). The 
HA1 peptide, a fusogenic peptide (influenza hemagglutinin HA1 peptide, N-YPYDVPDYA-C23) 
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was used to increase miRNA uptake by destabilizing the endosomal membrane stimulating 
endosomal discharge by a pH-responsive machinery [13]. This peptide was functionalized on the 
surface of the AuNPs via carbodiimide chemistry assisted by N-hydroxisuccinimide using an 
EDC/NHS coupling reaction between the carboxylated PEG spacer and the amine terminal 
group of the peptide. HPMC-C12 and PEG-b-PLA polymers were synthesized as previously 
described [25]. PEG-b-PLA polymers were formulated into NPs via nanoprecipitation and 
characterized by dynamic light scattering (DLS). PEG-b-PLA NPs with a diameter (Dh) of ~88 
nm and dispersity (Ð) of 0.12 were used to formulate the PNP hydrogel. Based on prior work, 
NPs of this diameter form gels by enabling polymer bridging over several NPs in contrast to 
polymer wrapping around single NPs [31]. PNP hydrogels were formulated at 1 wt % HPMC-C12 
and 10 wt % PEG-b-PLA NPs (Figure 1a).

Figure 1. (a) schematically represents 
the structure of the PNP hydrogel and 
the functionalized AuNP-miRs. (b) 
depicts in vitro release profile of AuNP-
miRs from the PNP hydrogel at 37 ºC 
demonstrating the cumulative sustained 
release of AuNP-miRs in a linear pattern 
of up to ~20% [Mt/M∞; the cumulative 
fractional mass released at time t 
(n=3)]. R2 = 0.9875, Mt/M∞ = 0.0012  
t + 0.0688. 
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Linear release of AuNP-miRs from PNP hydrogels
To monitor the release of AuNP-miRs from the PNP hydrogels, non-modified AuNPs and 
AuNP-miR-67 were loaded into the PNP hydrogel in a 1:1:1 ratio (PEG-b-PLA:HPMC-
C12:AuNP; final concentration AuNP-miR-67 0.34 nм) and incubated at 37 °C, 5% CO2. 
The supernatant was collected and replaced at 24 h intervals to quantify the concentration 
of AuNPs in the supernatant based on a calibrated absorbance measurement (Figure S2). 
Sustained linear release of AuNP-miR-67 was observed up to ~20 % of the loaded AuNPs over 
the course of 5 days (Figure 1b), demonstrating extended release compared to other hydrogel-
based drug-delivery systems [14,20,31,32,33]. Following an initial burst release of ~10% of 
the loaded AuNP over the first 24 h, ~3% of the loaded AuNP were released per day over the 
course of 5 days. The observed linear release was consistent with an erosion-based release that 
has been observed for NP release from PNP hydrogels [25].

AuNP-miR-214 demonstrates in vitro mRNA targeting activity 
Next, we verified the mRNA targeting capacity of miR-214 after conjugation to the AuNPs. 
HEK293 cells were transfected with a miR-214 target luciferase reporter [34] and incubated 
with AuNP-miR-214s. Compared to a non-transfected control and an inactive AuNP-miR-67 
control, AuNP-miR-214 significantly reduced the Luciferase signal (~42%) after 48 h, 
demonstrating preserved miR-214 bioactivity after coupling to the AuNP (Figure 2). As a 
positive control, transfection with unmodified miR-214 mimics using Lipofectamine resulted 
in a knockdown of ~67% relative to the control groups. The higher transfection efficiency of 
Lipofectamine compared to AuNP-miR-214 is expected, considering the thorough optimization 
of commercially available Lipofectamine.

Suppression of a target gene up to 90% has been observed for small interfering RNA (siRNA) 
released from alginate or collagen hydrogels in a green fluorescent protein (GFP) expressing 
HEK293 cell line [33], though over a longer time scale of 6 days. 80% knockdown of GFP 
signal was achieved with miRNA released from a PEG hydrogel over a period of 42 days [35]. 
This suggests that an extended testing period for AuNP-miR-214 should be considered for 
translational use.

AuNP-miR-67 infiltrate haVICs in a 3D bioprinted in vitro CAVD 
model
In order to test AuNP-miR uptake in a more complex tissue model, we tracked fluorescently 
labelled AuNP-miR-67 in a 3D model of CAVD. Cy5.5-labelled AuNP-miR-67 were added to 
the cell culture media of a 3D bioprinted model of CAVD containing human aortic valve 
interstitial cells (haVICs) [30]. In this model, VICs cultured in NM maintain a quiescent 
phenotype and VICs exposed to OM produce microcalcifications (Figure S3). Labeling nuclei 
with Hoechst (blue), cytoplasm with CellTracker Green (green), and lysosomes with 
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LysoTracker Red (red) aided in demonstrating that AuNP-miR-67 (white) were taken up by 
the cells in lysosomes (Figure 3a), indicated by co-localization (pink arrows) of CellTracker 
Red and the Cy5.5-labelled AuNP-miR-67 (Figure 3b). We hypothesize that AuNP-miRs are 
taken up via endocytosis, indicated by co-localization (pink arrows) of CellTracker Red and 
white AuNP-miR-67, and that they can escape the lysosomes, indicated by the presence of 
both lysosomes (red arrows) and AuNP-miRs (white arrows).

AuNP-miR-214 increase alkaline phosphatase expression in a 3D CAVD 
model
Additionally, we employed the 3D bioprinted in vitro human CAVD model to test AuNP-
miR-214 functionality [30]. Osteogenic medium (OM) has been shown to stimulate the 
formation of calcium minerals through osteogenic differentiation of haVICs [30]. miR-214 
was found to increase calcification of haVICs in vitro in traditional 2D cell culture [37]. Here, 
we demonstrate that compared to non-transfected controls 30 nM AuNP-miR-214 transfection 
significantly increased ALP activity, a phospholytic enzyme associated with early calcification 
in CAVD [38], in haVICs within a 3D-bioprinted in vitro model of human CAVD cultured in 
normal medium (NM) (Figure 4). Compared to NM, OM increased ALP activity (left column), 
confirming earlier results [39]. Compared to NM, addition of AuNP-miR-214 significantly 

Figure 2. AuNP-miR-214 significantly reduces Luciferase activity. AuNP-miR-214 were added to HEK293 
cells introduced to the pMIR-REPORT-QKI-3′ UTR Luciferase vector in vitro. Compared to an untransfected 
control and an inactive control AuNP-miR-67, AuNP-miR-214 suppresses the Luciferase signal (~42%) after 48 
h. Transfection with miR-214 mimic using Lipofectamine results in knockdown of ~67% relative to the control 
groups, compared to ~42% in the AuNP-miR-214 transfection. Mean ± SEM; * p < 0.05, ** p < 0.01, *** p < 0.001; 
n = 6, experiment conducted in triplicate.
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Figure 3. Infiltration of 
AuNP-miR-67 into human 
aortic valve interstitial cells 
(haVICs) in a 3D bioprinted 
model of calcific aortic valve 
disease (CAVD). Nuclei were 
labelled with Hoechst (blue), 
haVICs were labelled with 
CellTracker Green (green), 
and lysosomes were labelled 
with LysoTracker Red (red). 
Co-localization of lysosomes 
(red) and Cy5.5-labelled 
AuNP-miR-67 (white) 
demonstrated that AuNP-
miRs were taken up by the 
cells in lysosomes. (scale  
 bar = 20 µm, scale bar insert 
= 5 µm, t = 48 h, n = 3).
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Figure 4. AuNP-miR-214 increase alkaline phosphatase expression (red) after 48 h in human aortic valve interstitial 
cells (haVICs) comparable to osteogenic stimulation in 3D human calcific aortic valve disease model. Brightfield 
microscopy, mean ± SEM, *** p < 0.001, n = 3, 20X magnification. 
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increased ALP activity (Figure 4a top row; Figure 4b). The difference between the effect 
of AuNP-miR-214 and OM on haVICs was likely due to the relatively low concentration of 
AuNP-miR-214 and the prolonged exposure to OM. These findings further support a role for 
miR-214 in the development of CAVD by stimulating ALP and encourage further investigation.

The involvement of miR-214 in CAVD is a relatively recent discovery, and its precise role 
in CAVD requires further clarification. miR-214 involvement in CAVD was first identified in 
porcine AV endothelial cells (paVECs) [40]. Specifically, micro-array analysis and ex vivo 
validation of healthy ventricular and aortic paVECs RNA yielded differential expression 
levels of miR-214 as a result of oscillatory shear due to disturbed blood flow. Compared to 
the ventricularis side, increased expression of miR-214 in the fibrosa side of pAVs resulted 
in thickening and calcification. Later, in a comparison between valves of healthy controls 
and patients with calcific aortic stenosis, miR-214 was increased in CAVD patients and 
osteocalcin, osteopontin, Runx2, and osterix were identified and validated as its targets [41]. 
Furthermore, in excised AVs from patients with CAVD, increased miR-214 expression was 
found to play a role in suppressing the apoptosis repressor with caspase recruitment domain 
ARC [42]. In addition, it was demonstrated that miR-214 stimulates the formation of calcific 
nodules in haVICs in vitro via the MyD88/NF-κB inflammatory pathway [37]. Contradictory 
to the aforementioned results, in larger micro-array studies miR-214 was found low in valves 
from patients with CAVD compared to non-diseased control valves [43,44,45]. Furthermore, 
dynamic stretch on porcine AVs ex vivo demonstrated that miR-214 was significantly 
downregulated during late stage calcification, and addition of miR-214 mimic in static stretch 
conditions resulted in lower levels of calcification. Therefore, the role of miR-214 in the 
development of CAVD is complex and needs to be further elucidated [46].

AuNPs subcutaneous implantation in PNP hydrogels 
We further investigated the biodistribution of AuNP-miRs following delivery from the 
PNP hydrogel in vivo. In general, parenteral administration of therapeutics or drug delivery 
systems via injection can be achieved easily and in a minimally invasive manner. However, 
traditional intravenous injections result in relatively short residence time in the body. On 
the other hand, surgical implantation of a material-based controlled release system provides 
longer-lasting effects but is more invasive. Injectable hydrogels with controlled release 
provide an attractive method to administer drugs locally, in a minimally invasive manner, 
and with extended biological effect. For example, hyaluronic acid-based PNP hydrogels 
were recently administered to cardiac tissue via catheter-based delivery [47]. Therefore, we 
employed AuNP-miR-loaded PNP hydrogels for administration of an AuNP-miR releasing 
depot following minimally invasive subcutaneous injection. AuNP-miR-67-loaded PNP 
hydrogel was injected subcutaneously in nine C57BL/6 mice to assess biodistribution. To 
monitor the biodistribution of the AuNP-miR, fluorescent signals of the Cy5.5 labelled miR-
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67 were measured in the lungs, liver, spleen, kidney, and skin surrounding the injection site 
in three adult male wildtype C57BL/6 mice on days 1, 4, and 11 after injection (Figure 5). 
Three additional animals were injected with unloaded PNP hydrogel as negative control and 
aforementioned tissues were harvested and monitored on day 11. Image quantification of the 
fluorescent signal of the labelled AuNP-miR-67 demonstrated accumulation in the lungs, 
spleen, liver and kidney on day 1 and suggests clearance via the liver and kidney by day 11, 
as demonstrated by decreasing fluorescence that approached the values of control animals.

Figure 5. To assess biodistribution of AuNP-miR-67 n = 9 C57BL/6 mice were injected subcutaneously with PNP-
AuNP-miR-67. (a-e) Fluorescent signals of the Cy5.5 labelled AuNP-miR-67 were measured in the lungs, liver, 
spleen, kidney, and skin surrounding the injection site in n = 3 animals on days 1, 4, and 11 after injection. N = 3 
mice were injected with unloaded PNP hydrogel as a control and aforementioned tissues were harvested on day 
11. Intensity of the fluorescent signal of labelled AuNP-miR-67 demonstrates accumulation in the lungs, spleen, 
liver and kidney on day 1 and clearance via the kidneys after 11 days, as demonstrated by decreasing fluorescent 
signal comparable to control animals. (f-k) Quantified fluorescent signal in liver, kidney, lung, spleen, and skin 
surrounding the injection site on days 1, 4, and 11 demonstrates clearance over 11 days. N = 3 animals per time 
point. Mean ± SEM. 
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MATERIAL & METHODS

PNP Hydrogel Synthesis
PNP hydrogels were synthesized as previously described [25]. In short:

HPMC-C12 Synthesis
Briefly, hydroxypropylmethylcellulose (HPMC; Sigma h7509-100G; 1.0 g) was dissolved in 
N-methylpyrrolidone (NMP; 45 mL) by magnetic stirring at 80 °C for 1 h. After cooling 
the solution to room temperature, a solution of 1-dodecylisocyanate (Sigma 389064-5G; 0.5 
mmol) and triethylamine (2 drops) were dissolved in N-methylpyrrolidone (Sigma PHR1352-
2G; 5 mL) and added to the reaction mixture. The mixture was stirred at room temperature 
for 16 h. This solution was then precipitated from acetone and filtered to recover the polymer, 
which was dried under vacuum at room temperature for 24 h and weighed, yielding the 
functionalized HPMC-C12 as a white amorphous powder (0.96 g, 87%).

PEG-block-PLA synthesis
PEG (Sigma 373001-250G; 0.25 g, 4.1 mmol) and 1,8-diazabicyloundec-7-ene (DBU; Sigma 
139009-25G; 10.6 mg, 10 mL, 1.0 mol% relative to LA) were dissolved in dichloromethane 
(DCM; 1.0 mL). LA (Sigma 767344-5G; 1.0 g, 6.9 mmol) was dissolved in DCM (3.0 mL) 
with mild heating. The LA solution was then added rapidly to the PEG/DBU solution and 
stirred rapidly for 10 min. Acetone (7.0 mL) addition then quenched the reaction and the 
PEG-b-PLA copolymer was precipitated from cold diethyl ether, filtered for collection, and 
lyophilized to yield a white amorphous polymer (1.15 g, 92%). GPC (THF): Mn (Ð): 25 kDa 
(1.09).

PEG-block-PLA NP preparation.
A solution of PEG-b-PLA in DMSO (40 mg mL-1) was added dropwise to water (10 v/v) under 
a high stir rate. NPs were purified by ultracentrifugation over a filter (molecular weight cut-off 
of 10 kDa; Millipore Amicon Ultra-15) and resuspended in water to a final concentration of 
150 mg mL-1. NP size and dispersity were characterized by DLS.

PNP hydrogel preparation.
PNP gels were prepared by first dissolving the HPMC-C12 polymer in water (3 wt%, 30 mg 
mL-1) with stirring and mild heating. NPs were concentrated to 15 wt% solutions. HPMC-C12 
polymer solution (100 mg) and NP solution (200 mL) were then combined and mixed well by 
alternately vortex and centrifugation (to remove air bubbles arising from mixing).

AuNP-miR Synthesis
AuNP-miRs were synthesized as previously described. [13] In summary:
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Functionalization of AuNP with PEG
Briefly, bare AuNP (20 nm gold nanospheres from Cytodiagnostics Inc. G-20-1000; 10 nм) 
dispersed in aqueous solution of 18 MEG DI Water were mixed with a commercial hetero-
functional PEG (α-Mercapto-ω-carboxy PEG solution, HS-C2H4-CONH-PEG-O-C3H6-
COOH, MW. 3.5 kDa, Sigma 712515-100MG; 0.006 mg mL-1) in an aqueous solution of SDS 
(0.08%). Centrifugation (20,000×g, 30 min, 4 °C) removed excess PEG, which was quantified 
by the Ellman’s Assay. The excess of thiolated chains in the supernatant was quantified by 
interpolating a calibration curve set by reacting α-Mercapto-ω-carboxy PEG solution (200 μL) 
in  phosphate buffer (100 μL, 0.5 м, pH 7) with 5,5’-dithio-bis(2-nitrobenzoic) acid (DTNB, 
7 μL, 5 mg mL-1) in phosphate buffer (0.5 м, pH 7) and measuring the absorbance at 412 nm 
after 10 min reaction. The linear range for the PEG chain obtained by this method is 0-0.1 
mg mL-1 (Abs at 412nm = 8.0353 × [PEG, mg mL-1] + 0.0486). The number of exchanged 
chains is given by the difference between the amount determined by this assay and the initial 
amount incubated with the AuNP. There is a point at which the AuNP becomes saturated with 
a thiolated layer and is not able to take up more thiolated chains - maximum coverage per 
AuNP, which was 0.03 mg mL-1 of PEG for these AuNP. The AuNP were functionalized with 
50% PEG layer in order to leave space for binding the thiolated miRNAs and HA1 peptide 
(Figure S1).

Functionalization of AuNP with miRNA molecules
AuNP were functionalised with Cy5.5-labelled miRNA against hsa-miR-214-3p 
(ACAGCAGGCACAGACAGGCAGU) or cel-miR-67-5p (CGCUCAUUCUGCCGGUU- 
GUUAUG). Cel-miR-67 was used as a negative control as it has minimal sequence identity with 
murine or human miRNAs and it is not naturally present in human cells; thus, it should not have 
any biological effect. Briefly, thiolated miRNA (Thermo Scientific Dharmacon) was dissolved 
in DTT (1 mL, 0.1 м), extracted three times with ethyl acetate, and further purified through a 
desalting NAP-5 column (Pharmacia Biotech) according to the manufacturer’s instructions. 
The miRNA was only resuspended in DEPC-water and incubated immediately with AuNP 
previously functionalized with PEG. The purified thiolated miRNAs (10 μм) were incubated 
with RNase-free solution of the PEG-AuNP (10 nм) containing 0.08% SDS. Subsequently, the 
salt concentration was increased from 0.05 to 0.3 м NaCl with brief ultrasonication following 
each addition to increase the coverage of oligonucleotides on the AuNP surface. After 
functionalization at 4 °C for 16 h, the particles were purified by centrifugation (20,000×g, 
20 min, 4 °C), and re-suspended in DEPC-water. This procedure was repeated 3 times. The 
number of miRNA per AuNP was determined by quantification of the excess miRNA oligos 
in the supernatants collected during synthesis via the emission spectra of Cy5.5 (excitation/
emission, 688 nm / 707 nm) dye in a microplate reader (Varioskan Flash Multimode Reader; 
Thermo Scientific). All nanoparticle samples and standard solutions of the thiolated-miRNAs 
were kept at the same pH and ionic strength for all measurements. Fluorescence emission was 
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converted to molar concentrations by interpolation from a standard linear calibration curve 
prepared with known concentrations of miRNA (Figure S4).

HA1 peptide functionalization
The HA1 (N-YPYDVPDYA-C) peptide was coupled to the functionalized AuNP using  
carbodiimide chemistry assisted by N-hydroxisuccinimide using an EDC/NHS coupling reaction 
between the carboxylated PEG spacer and the amine terminal group of the peptide. HA1 peptide, 
which is used to enhance the miRNA uptake, was functionalized on the AuNP after miRNA 
functionalization. Briefly, 10 nM of NPs-PEG, 1.98 mg mL-1 N-hydroxysulfosuccinimide 
(sulfo-NHS, Sigma) and 500 μg mL-1 EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide, 
Sigma) were incubated in 10 mM MES (2-(N-morpholino)ethanesulfonic acid, Sigma) at pH 
6.2 and allowed to react for 30 min to activate the carboxylic groups. After this, activated 
AuNP were washed once with 10 mм MES, pH 6.2 and used immediately. HA1 was added to 
the mixture (final concentration 3 μg mL-1) and allowed to react for 16 h at 25 °C. After this 
period, the AuNP were centrifuged at 20,000× g for 30 min at 4 °C and washed three times with 
Milli-Q water.

HA1 quantification was performed with the Pierce® BCA Protein Assay kit (Thermo Scientific) 
according to manufacturer’ instructions. Briefly, each standard (0.025 mL) and unknown 
sample (the supernatants; 0.025 mL) was mixed with the BCA™ Working Reagent (50:1, 
BCA reagent A:BCA reagent B; 0.2 mL) to each tube. The reaction mixture was incubated 
at 60 °C for 30 min. After incubation, the tubes were cooled down to room temperature and 
the absorbance measured at 562 nm. The standard curve was used to determine the HA1 
concentration of each unknown sample (supernatant). The calibration curve for a working 
range (0−125 μg mL-1) is given by the following equation Abs 562 nm = 0.0036 × [HA1 
peptide, μg mL-1] + 0.8016, R2 = 0.9939 for HA1 peptide (Figure S4).

Release of AuNP-miRs from PNP Hydrogel
AuNP-miR-214 were loaded into PNP hydrogels and incubated at 37 °C, 5% CO2 with MilliQ 
water in 1.5 mL Eppendorf tubes. Supernatant was collected at regular 24 h intervals and the 
absorbance of the supernatant was measured at 524 nm on a Tecan Infinite 200 (Tecan Group 
Ltd. Männedorf, Switzerland) plate reader from 400 nm to 700 nm. The calibration curve 
based on a standard series of AuNP and AuNP-miRs (0.0 - 1.0 nM) is given by the following 
equations: Abs 524 nm = 0.299 × [AuNP] + 0.0044, R2 = 0.9984, and Abs 524 nm = 1.4239 × 
[AuNP-miRs] - 0.0048, R2 = 0.9986, respectively.

HEK293 Cell Culture 
Human embryonic kidney 293 (HEK293) cells were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM; ThermoFisher Gibco, supplemented with 10% FBS (ThemoFischer Gibco), 
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1% Pen/Strep (ThermoFisher Gibco 15070063), 1% Non-Essential Amino Acids NEAA 
(ThermoFisher Gibco11140050), 1% Sodium Pyruvate (ThermoFisher Gibco, 11360070), on 
2% gelatin coated until confluent. For experiments, cells were seeded at 25,000 cells per well 
in media (100 μL) in a 96 well plate.

Luciferase/beta-Galactosidase cell transfection and reporter assay
Cells were transfected at 60-70% confluence with Luciferase and beta-Galactose (β-Gal) 
pMIR-REPORT vectors as previously described [34]. Briefly, the conserved miR-214-binding 
sequences in the Quaking (QKI) 3′ untranslated region (UTR) were cloned into the pMIR-
REPORT Luciferase vector (Ambion).

To assess the suppression efficiency of AuNP-miR-214, HEK293 cells were co-transfected 
with pMIR-REPORT-QKI-3′ UTR Luciferase vector (100 ng) and a pMIR-REPORT β-Gal 
control plasmid (100 ng) in OptiMEM for 4 h to evaluate transfection efficiency. Subsequently, 
pre-miR-214 (60 nм) was delivered using Lipofectamine 3000 (ThermoFisher, L3000015). 
AuNP-miR-214 and AuNP-miR-67, as a scramble control microRNA, were added directly 
to the OptiMEM. Luciferase and β-Gal activity was assessed after 48 h with the Steady-Glo 
Luciferase Assay Kit (Promega E2520) and β-Gal assay buffer (200 mм sodium phosphate, 
2 mм magnesium chloride, 100 mм beta-mercaptoethanol, 1.33 mg mL-1 ortho-Nitrophenyl-
β-galactoside (ONPG) in water), respectively. Luciferase activity was assessed by measuring 
luminescence and β-Gal activity was determined by measuring absorbance at 405 nm and 570 
nm. Six biological replicates were transfected per conditions. Experiments were conducted in 
triplicate.

3D Calcific Aortic Valve Disease (CAVD) Model
A 3D in vitro model of human CAVD was employed to image AuNP-miRs uptake into cells. 
We previously published a detailed description and validation of this model [30]. Briefly, 
human aortic valves were obtained from patients undergoing valve replacement surgery at 
Brigham and Women’s Hospital (Boston, MA, USA) as a result of aortic valve (AV) calcific 
stenosis. Leaflets were obtained and utilized in accordance with protocols approved by the 
Institutional Review Board (IRB protocol #2011P001703/PHS). Valvular interstitial cells 
(VICs) were isolated as previously described [46]. In short, CAVD AV leaflets were cut into 
5 mm x 5 mm pieces, incubated in collagenase (Roche 10103586001; 10 mL) solution at 37 
°C, 5% CO2 for 12 h, and homogenized with a serological pipette. The digested tissue was 
centrifuged, the supernatant aspirated, and the pellet resuspended in VIC cell culture media 
[DMEM supplemented with 10% FBS (ThermoFisher, Gibco) and 1% P/S (ThermoFisher, 
Gibco); 5 mL]. The cells were then centrifuged a second time, resuspended in VIC cell culture 
media (10 mL), and plated in a T75 culture flask. Media was replenished every 48 h. VICs 
of passage five were used for further experiments. VICs were incorporated in hydrogel pre-
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polymers by mixing VICs and media (to a final concentration of 10 × 106 cells mL-1 in the 
gel) with a GelMA (10 wt %), HAMA (3 wt %), and LAP solution (5 wt %) at 37 °C to form a 
GelMA (5%), HAMA (1%), and LAP (0.3%) hydrogel. GelMA and HAMA were synthesized 
as previously described [49,50].

Constructs were designed in Tinkercad (AutoDesk, Inc., San Rafael, CA, USA), and encoded 
using Repetier-Host (version 2.0.0; Hot-World GmbH & Co. KG, Willich, Germany), and 
Sublime Text 3 (Sublime HQ, Pty Ltd., Darlinghurst, NSW, Australia). 3D bioprinting was 
performed using the Inkredible+ (Cellink, Cambridge, MA, USA). Pluronic gel (Pluronic 
F-127; Allevi, Philadelphia, PA, USA) was printed as a cylindrical mold (outer diameter = 
9.0 mm, inner diameter = 8.6 mm, height = 1.5 mm) using a stainless steel needle nozzle 
(JG27-0.25HPX; Jensen Global Inc., Santa Barbara, CA, USA) at a fill density of 95%, layer 
height of 0.1 mm, printing speed of 4mm/s, and printing pressure of 320 kPa. The second 
extruder was filled with the required hydrogel pre-polymer compositions and heated to  
37 °C. A hydrogel disc was then printed inside the mold from the second extruder using a 
23 g stainless steel nozzle (Fisnar 5901005, Ellsworth Adhesives, Germantown, WI, USA) 
by opening the valve of the second extruder for 40 ms at 15–20 kPa. Cross-linking the pre-
polymers for 90 s with 365 nm UV light produced 8.6 mm x 1.0 mm hydrogel discs. The UV 
light was calibrated to an intensity of 2.5 mW/cm2 using a radiometer (85009, Sper Scientific 
Direct, Scottsdale, AZ, USA). After printing, the Pluronic gel was dissolved by washing in 
cold PBS. One day after printing, hydrogels were switched to normal media (NM; 10% FBS, 
1% P/S) or osteogenic media (NM supplemented with 10 nм dexamethasone, 10 ng mL-1 
ascorbic acid, and 10 mм β-glycerolphosphate) as previously described [51], for up to 14 days. 
Media was changed every 48 h for all constructs. Cells were transfected with miR-214 (30 nм) 
by addition of AuNP-miR-214 to the cell culture media 48 h prior to imaging.  

CellTracker/LysoTracker and confocal imaging
To trace the AuNP-miRs into the cells in the 3D CAVD model LysoTracker Red (ThermoFisher, 
L7528; 50 nм), CellTracker Green (ThermoFisher, C2925; 10 mм) dyes, and Hoechst 33342 
(ThermoFisher, H1399) were added according to the manufacturer’s protocol. CellTracker 
Green was incubated overnight at 37 °C, 5% CO2, LysoTracker Red was incubated for 1 h 
at 37 °C, 5% CO2, Hoechst (1:5000) was added and incubated for 30 min at 37 °C, 5% CO2, 
prior to imaging. Z-stack images of the constructs were taken on a ZEISS LSM 880 Confocal 
Microscope with AiryScan.

Animal Procedures
All animal procedures were performed according to MIT Animal Care and Use Committee 
approved protocols. Adult male C57BL/6 mice were injected subcutaneously on the back with 
PNP-AuNP-miR-67 gels (100 µL; HPMC-C12 1 wt %; PEG-b-PLA NPs 10 wt %; AuNP-
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miR-67 85 nм) using a 26G syringe. At 1, 4, and 11 days following injection 3 animals per 
time point were sacrificed and lung, spleen, liver, kidneys and the tissue surrounding the 
injection site were harvested, flash-frozen, and stored until further analysis. Fluorescence 
reflectance of tissues was measured using a Kodak Image Station 4000mm Pro.

Statistics
Quantitative data is given as mean ± standard error. The number of independent experiments is 
given as n. Statistical analyses were performed with GraphPad Prism 7 (GraphPad Software, 
La Jolla, CA, USA), Student’s t-tests were performed for two-group comparisons, and for 
multiple group comparisons one-way or two-way ANOVA with Tukey’s post-hoc HSD tests 
were used as appropriate. P-values <0.05 were considered statistically significant.

CONCLUSION

In conclusion, our data demonstrate that AuNP-miRs can be delivered via a minimally 
invasive, injectable self-assembling hydrogel, expressing controlled release. We showed 
that approximately 20% of AuNP-miRs were released from the PNP hydrogel over 5 days. 
Additionally, we observed that AuNP-miR-214 remained functional after delivery in both a 
2D in vitro miR-214 target luciferase reporter assay and in a 3D bioprinted human CAVD 
model. Furthermore, we demonstrated that AuNP-miRs were cleared after 11 days in mice 
following subcutaneous injection of the PNP-AuNP-miR hydrogel delivery system. Without 
any cell-targeting ligands, these subcutaneously administered AuNP-miRs were taken up by 
the spleen, lungs, and liver, and were disposed via renal excretion. Additional targeting ligands 
and site- specific delivery could tailor this platform to specific cells or tissues, especially in 
combination with RNAi molecules adapted to a specific tissue, cell type, or disease.
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SUPPORTING INFORMATION

Figure S1. Schematic representation of the functionalization of AuNPs with PEG, Cy5.5, and HA1 peptide. 
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Figure S2. Absorbance spectra and calibration curves at 524 nm of a series of standard dilutions of (a,b) 
unmodified AuNPs is comparable to those of (c,d) AuNP functionalized with HA1 peptide, PEG, and miR-67/214, 
and quantifiable.
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Figure S3. Human aortic valve interstitial cells in an in vitro bioprinted 3D Calcific Aortic Valve Disease model 
produce microcalcifications upon stimulation with osteogenic media (bottom) compared to normal cell culture media 
(top). Nuclei are stained with Hoechst (blue) and calcification with near-infrared fluorescent mineralization marker 
OsteoSense680EX (red). 3D render of Z-stacks of confocal images (10X) for Hoechst (left), OsteoSense680EX 
(middle), and merged (right).
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Figure S4. Functionalization of AuNPs with (a,b) PEG, (c,d) Cy5.5, and (e,f) HA1 peptide. Absorbance spectra of 
the dilution series in the left column and calibration curves in the right column.
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INTRODUCTION

Cardiovascular disease is a leading cause of death worldwide, and with the dramatically 
increasing numbers of heart failure patients in the next ten years,  mortality will only 
increase [1]. For patients with end-stage heart failure, heart transplantation is the sole option. 
Regrettably, the number of available donor hearts is drastically lower than the number of 
patients waiting for heart transplantation. Despite evidence of cardiomyocyte renewal in adult 
human hearts, regeneration of functional  myocardium after injury can be neglected. The 
limited regenerative capacity due to inadequate proliferation of  existing cardiomyocytes is 
insufficient to repopulate areas of lost myocardium [2]. As a solution, the hypothesis that 
adult stem cells could be employed to generate functional cardiomyocytes was proposed. One 
of the early studies that supported this hypothesis involved direct injection of hematopoietic 
c-kit-positive cells derived from bone marrow into the infarcted heart [3]. However, in sharp 
contrast, more recent evidence emerged demonstrating that these hematopoietic stem cells 
only differentiate into cells down the hematopoietic lineage rather than into cardiomyocytes 
[4,5], and the focus shifted towards stem cells residing in the heart, called cardiac progenitor 
cells. These CPCs were extracted and injected into the myocardium to regenerate the heart [6]. 
In recent years, over 80 pre-clinical studies employing cardiac stem cells in vivo in large and 
small animals to evaluate the effect on functional parameters were systematically reviewed, 
identifying differences between large and small animals [7]. Despite the positive outcome of 
these stem cell therapies on functional parameters, c-kit-positive cardiac progenitor cells were 
shown to contribute minimally to the generation of functional cardiomyocytes [8,9]. This 
heavily debated topic is summarized concisely by van Berlo and Molkentin [10]. Recently, 
single-cell sequencing and genetic lineage tracing of proliferative cells in the murine heart 
in both homeostatic and regenerating conditions did not yield a quiescent cardiac stem cell 
population or other cell types that support transdifferentiation into cardiomyocytes, nor 
did it support proliferation of cardiac myocytes [11,12]. Now, the focus is shifting towards 
exploiting the limited regenerative capacity of the cardiomyocytes themselves, by re-activating 
proliferation of existing cardiomyocytes through dedifferentiation, reentry into the cell cycle, 
and cytokinesis. This process is the new focus of research to promote cardiac regeneration, 
and can be controlled on multiple levels, including cell-cycle manipulation, reprogramming, 
small molecules, extra-cellular matrix (ECM), proteins, and RNA regulation [13]. 

Cardiac neovascularization, the formation of new blood vessels in the heart, is an essential 
part of cardiac regeneration. Neovascularization is distinct from vasculogenesis, which 
is considered de novo primitive vascular network formation, and occurs when angioblast 
precursors differentiate into endothelial cells in the developmental stages [14]. Angiogenesis 
is the formation of a new blood vessel from existing blood vessels. In the past the focus 
has been on mechanisms influencing the inhibition of angiogenesis, relating to its role in 



127Non-coding RNAs in cardiac regeneration |

5

the spread of tumors [15]. However, there has been a growing interest in tackling ischemic 
disorders by promoting neovascularization in an attempt to regenerate tissues [16]. 

This chapter will focus on findings regarding the role of non-coding RNAs in cardiac 
regeneration. Cardiac regeneration is defined as the repair of cardiac tissue, which in turn 
enhances or restores the functional capabilities of the heart. Studying the role of these non-
coding RNAs in species with inherent cardiac regenerative capacity uncovers and helps 
to understand the mechanisms that drive cardiac regeneration, such as cardiomyocyte 
proliferation and neovascularization. First, we elaborate on the regenerative capacity in lower 
vertebrates and rodents and their role as scientific models, then we elucidate the role of non-
coding RNAs in cardiomyocyte proliferation and neovascularization.  

CARDIAC REGENERATION IN VARIOUS SCIENTIFIC 
MODEL SPECIES

Regenerative capacity varies between species. Lower vertebrate species have a high 
regenerative capacity throughout life, whereas in higher vertebrate species this regenerative 
capacity decreases after birth. Teleost fish like zebrafish and urodeles like newts or axolotls 
display robust cardiac regeneration, making them excellent model systems to study the 
underlying processes for cardiac regeneration. In zebrafish, after apical resection, bleeding 
is halted by blood clotting in the wound. Then fibrin is deposited, and where mammalian 
hearts become fibrotic through collagen deposition and scarring, the zebrafish heart replaces 
lost myocardium by proliferation of cardiomyocytes [17,18]. Cardiomyocyte proliferation is 
highest two weeks after injury, and two months after injury the majority of the lost myocardium 
has been renewed and cardiac output restored [18,19]. By employing Cre-based genetic fate 
mapping it was shown that resident cardiomyocytes dedifferentiate, proliferate, and mature 
similar to the developmental program to replace the lost myocardium, indicating that stem 
cells are not the source of regenerated myocardium [20,21]. Similarly, in urodeles complete 
regeneration without scarring was observed two to three months after the injury [22], and 
it was demonstrated that sarcomeric gene expression is downregulated during regeneration 
which supports the notion that adult cardiomyocytes can generate more cardiomyocytes 
via dedifferentiation, proliferation, and redifferentiation. This concept is known as the 
dedifferentiation hypothesis [23,24]. A concise recapitulation of the evolution of the scientific 
view on cardiomyocyte proliferation was published by Yutzey [25].

Rodent models like mice and rats display full growth and regeneration before and shortly 
after birth, yet have a reduced cardiac regenerative capacity as adult mammals [19].Thus, 
neonatal rodents are excellent models for studying the mechanisms, and adult rodents are a 
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suitable model to test stimulation of regeneration. To study the regenerative capacity of the 
fetal mice heart, an X-linked mutation, deadly to cardiomyocytes was introduced in female 
embryos. Due to random X inactivation half of the cardiomyocytes were lost, though at birth 
the hearts were fully functional. The fetal hearts compensated for the effective loss of 50% of 
cardiomyocytes by increased proliferation of the healthy cardiac cells [26]. High regenerative 
capacity in neonatal mice hearts has been demonstrated in multiple cardiac damage models: 
myocardial infarction [27], ventricular resection [28], cryoinfarction [29,30], and clamping 
[31]. The human heart can also fully recover from injury as demonstrated in a case study of 
myocardial infarction in neonatal humans as a result of coronary artery occlusion. The infants 
fully recovered from the ischemic injury [32].

NON-CODING RNA IN CARDIOMYOCYTE 
PROLIFERATION

In contrast to the aforementioned lower vertebrate species, cardiomyocyte proliferation in adult 
mammals is, though present [2], insufficient to replenish lost cardiomyocytes due to injury. The 
proliferative state of cardiomyocytes as observed in embryonic stages of development quickly 
diminishes as the cells differentiate into the mature phenotype characterized by binucleation 
and hypertrophy. This development and maturation is regulated by many different factors. 
The capability of mature cardiomyocytes to again become proliferative is small [33,34,35]. 
Consequently, after the significant loss of cardiomyocytes as seen in ischemic injury, the 
heart cannot replace the lost cardiomyocytes and regenerate the myocardium. To enhance the 
regenerative capacity of the heart, understanding the mechanisms underlying the development 
and proliferation of cardiomyocytes is essential. Recently, non-coding RNAs have been 
shown to play an important role in regulating cardiomyocyte proliferation. These non-coding 
RNAs and their effect on cardiomyocyte proliferation are listed in Table 1. Here, we aim to 
highlight the discoveries of these non-coding RNAs and their role, organized per non-coding 
RNA class. At the time of writing the knowledge on the role of non-coding RNA in cardiac 
regeneration is limited to microRNAs (miRNAs) and long non-coding RNAs (lncRNAs). 
Other non-coding RNAs such as circular RNA, PIWI-interacting RNAs, or small inhibitory 
RNAs are not covered, as their roles in cardiac regeneration are still to be uncovered.

MicroRNA
With their function as post-transcriptional regulators and their broad spectrum of targets due to 
partially complementary binding, miRNAs are potential candidates to regulate cardiomyocyte 
proliferation. Both the aforementioned models, fish and rodent, are widely used to study the 
involvement of miRNAs in cardiac regeneration, and cardiomyocyte proliferation specifically. 
A common approach to identify miRNAs that could potentially regulate cardiomyocyte 
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regeneration is to compare miRNA expression levels in different stages of development in 
prenatal and postnatal rodent hearts. Candidate miRNAs are then validated in one or multiple in 
vivo models of cardiac injury in either or both neonatal and adult rodents. Oftentimes, a model 
of cardiac injury is employed to replicate the disease as observed in humans. These models 
are based on either surgical induction, via ischemia or ischemia/reperfusion, or on genetic 
induction of heart failure (HF). Here, the role of the different miRNAs in cardiomyocyte 
proliferation is illustrated per disease model.  

Surgical cardiac injury models
Through ligation of the left anterior descending coronary artery (LAD), ischemia is induced 
in the left ventricle, inducing a myocardial infarction (MI), thereby resulting in a loss of 
cardiomyocytes [36]. The following miRNAs were found to play a role in increasing the 
regenerative capacity of the heart using this approach.

Initially miR-99/100 and Let-7a/c were identified as key players in cardiomyocyte 
dedifferentiation in a cardiac apical resection model in zebrafish that naturally regenerate. 
They were both validated in mice subjected to LAD ligation causing MI. Blocking these 
miRNAs increased expression of their target proteins farnesyl transferase-beta (FNTß) 
and SWI/SNF-related matrix associated actin-dependent regulator of chromatin-subfamily 
A, number 5 (SMARCA5). Upon blocking, increased left ventricular ejection fraction and 
fractional shortening indicated functional improvements. The resulting cardiac regeneration, 
induced via dedifferentiation and proliferation of cardiomyocytes, and improved functional 
effects in both species proved that this mechanism is conserved between species [37].

Over-expression of miR-128 in cardiomyocytes in a neonatal apical resection model, 
suppressed cardiomyocyte proliferation and hampering cardiac function, thereby inhibiting 
cardiac regeneration, which can be observed after apical resection in untreated neonatal 
mice. Additionally, the role of miR-128 in cardiac regeneration was validated by deletion 
in cardiomyocytes in adult mice demonstrating improved cardiomyocyte proliferation after 
myocardial infarction induced by permanent LAD ligation. By deleting miR-128 the expression 
of SUZ12, a chromatin modifier, was enhanced. This in turn suppressed cyclin-dependent 
kinase inhibitor p27 and activated cell cycle regulators Cyclin E and cyclin dependent kinase 2 
(CDK2), promoting cell cycle re-entry in adult cardiomyocytes. Additionally, increased levels 
of GATA4 were observed, indicative of dedifferentiated cardiomyocytes [38]. 

In neonatal mice, miR-34a levels were found to be low and in adult mice, miR-34a levels were 
high, even after cardiac injury. Increasing miR-34a expression levels in neonatal mice resulted 
in a decreased regenerative capacity and hampered recovery. Inhibiting miR-34a in adult mice 
hearts after inducing MI increased the regenerative capacity and improved cardiac function, 
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reduced adverse remodeling, decreased fibrosis, and increased cell cycle activity. Further 
investigation demonstrated that this miR-43a inhibition resulted in higher protein levels of 
Sirt1, Cyclin D1, and Bcl2. These proteins have been implicated in cellular aging, cell cycle 
activity, and cell survival. The former was merely protective against cell death, whereas the 
latter two maintained proliferative and cell cycle capacities [39]. 

Similarly, the miRNA cluster miR-302-367 was found to be elevated in pre-natal stages 
compared to post-natal stages. Reactivating the cluster in adult hearts led to cardiomyocyte 
proliferation, though persistent, prolonged expression resulted in cardiomegaly and ultimately 
in heart failure. The positive effect of reactivation of the cluster on cardiomyocyte proliferation 
was confirmed in mice with MI induced by LAD ligation. Transient transfection with the 
miRNA cluster however prevented the adverse effects of persistent over-expression without 
compromising the positive effect of increased cardiomyocyte proliferation on the regenerative 
capacity of the heart. This cluster was found to target components of the Hippo pathway. 
Specifically, proliferation-associated gene Ccnd1, and consequently Cyclin G1, was elevated, 
and kinases Mst1 and Mob1b were decreased [40]. In a more recent study, miR-302 was 
injected intramyocardially using a hydrogel delivery system for local and sustained delivery in 
adult Confetti mice with a MI. Due to the lineage labeling it was possible to distinguish newly 
generated cardiomyocytes as a result of clonal expansion. In addition, infarcted mice treated 
with the miR-302 showed comparable cardiac function to non-infarcted mice, as measured by 
ejection fraction and fractional shortening. Mice treated with miR-302 mimic demonstrated 
knock-down of Lats2, Mob1, and Mst1, all components of the Hippo signaling pathway, which 
controls cell proliferation mediated by YAP [41].  

Additionally, miR-199a and miR-590 were identified by using a high-throughput functional 
screening with a whole-genome human miRNA library, and validated in vivo. Neonatal rats 
received injections of one of the two miRNAs complexed with a lipid transfection agent 
directly in the heart. Four days after treatment the ventricular wall thickness had increased, 
proliferating cardiomyocytes were found, and no fibrosis was observed. Next, adult mice 
were treated with AAV9 vectors expressing the two miRNAs after induction of a MI through 
permanent LAD ligation. Infarct size was significantly reduced in mice treated with miRNAs 
and cardiac function measured by left ventricular ejection fraction, fractional shortening, and 
end-systolic anterior wall thickness was preserved [42]. Expanding on these results, miR-199a 
was overexpressed using AAVs in pigs subjected to MI and reperfusion. Functional parameters 
improved, such as overall and local contractility. Muscle mass increased while scar tissue 
decreased, demonstrating that it is possible to regenerate the myocardium in larger mammals 
by stimulating endogenous repair via cardiomyocyte proliferation [43]. In all, expression 
of miR-199a and miR-590 after MI reduced infarct size and improved cardiac function by 
actively stimulating cardiomyocyte proliferation. Both miRs suppressed Homer1 and Hopx, 
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genes involved in calcium signaling and in regulating proliferation, respectively [42,43]. After 
inducing MI on day 1 after birth through LAD ligation, the mouse heart recovered fully within 
three weeks, through proliferation of existing cardiomyocytes. This regenerative response 
was impaired by over-expression of miR-195, one of the members of the miR-15 family, 
leading to adverse remodeling as observed in adult mice. Next, in an ischemia-reperfusion 
model of MI the miR-15 family was inhibited during postnatal development into adulthood. 
This led to an increase in cardiomyocyte proliferation and improved systolic function. Thus, 
inhibition of the miR-15 family increases the regenerative capacity [44]. In an earlier study 
by the same group, miR-195 was shown to directly affect cell cycle genes Chek1, Cdc2a, 
Birc5, Nusap1, and Spag5, supposedly increasing mitotic and cell cycle entry, and cell cycle 
progression. However, of these, Chek1 is the only gene with a miR-15 binding site that is 
conserved between mice and humans [45].

Genetic cardiac injury models
When Dicer, which is required for pre-miR processing to mature miRNAs, was deleted in the 
hearts of embryonic mice using Cre recombinase and under the control of the Nkx2.5 promotor 
this led to death as a result of heart failure. Thus proper miRNA functioning is required in 
cardiac development. In the Dicer mutant hearts, miR-1 was dysregulated. Using homologous 
recombination, miR-1-2 was deleted in mouse embryonic stem cells. Heterozygous animals 
were intercrossed to create offspring lacking miR-1-2. These mice died early, mostly due to 
ventricular septum defects, and those that survived suffered from cardiac arrhythmias and 
hyperplasia due to abnormalities in the cardiomyocyte cell cycle. Loss of miR-1-2 resulted 
in a loss of lrx5, leading to abnormal repolarization of cardiomyocytes and consequently 
cardiac arrhythmias. Furthermore, miR-1-2 mutants were hyperplastic as a result of increased 
mitotic activity in cardiomyocytes. This indicates a potential role for miR-1-2 in stimulating 
the regenerative capacity, though the observation in this study may be a result of increased 
proliferation in the early stages of development rather than in adult animals, for cytokinesis 
was not observed in adult animals [46]. 

Another example of complete knockout of a miRNA resulting in abnormal cardiomyocyte 
proliferation is the double knockout of miRNA-133a-1 and miRNA-133a-2 in mice, targeting 
Cyclin D2 and serum response factor (SRF). Mice lacking genes for one of the variants were 
normal, but deletion of both genes led to ventricular septal defects and consequently death 
in embryonic and neonatal animals, as a result of dysregulated cardiomyocyte proliferation, 
apoptosis, and abnormal expression of smooth muscle genes in the heart. Mice surviving into 
adulthood perished from heart failure and sudden death. Thus, miR-133a-1 and -2 are essential 
for normal cardiac growth and function [47].
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Similarly, complete knockout of the miR-17-92 cluster in embryonic, postnatal, and adult 
mice resulted in smaller hearts and lower proliferation rates in postnatal animals, a reduced 
number of cardiomyocytes in adult hearts, and decreased cardiac function, demonstrating that 
this cluster is essential for cardiomyocyte proliferation in embryonic and postnatal hearts. 
Overexpression of the cluster in a transgenic mouse model demonstrated enlargement of 
the hearts and thickening of the ventricle walls due to proliferation rather than hypertrophy. 
Overexpression of miR-17-92 using tamoxifen-inducible Cre recombinase in mice, subjected 
to MI, attenuated the effects of MI-induced damage and adverse remodeling. miR-17-
92 was found to affect phosphatase and tensin homolog (PTEN), and overexpression of 
PTEN diminished miR-19 (a member of the miR-17-92 cluster) promoted cardiomyocyte 
proliferation. These results confirmed that the miR-17-92 cluster, and miR-19 specifically, can 
induce proliferation by suppressing PTEN in cardiomyocytes [48]. 

Some miRNAs have been validated in vivo without cardiac validation. For example, miRNA 
array on post-natal day 0 and day 10 rat cardiomyocytes revealed upregulated miR-31a levels 
on day 10. Inhibition of miR-31a on days 0, 1, and 2 resulted in reduced cardiomyocyte 
proliferation through RhoBTB1, a subfamily of the Rho small GTPases, suggesting that 
upregulating miR-31 might increase the generative capacity of the heart through stimulating 
cardiomyocyte proliferation [49]. 

Overall, evidence that miRNAs can influence cardiomyocyte proliferation is accumulating. 
Multiple miRNAs have been identified and validated in vivo. However, it is not yet fully 
understood how these miRNAs in turn are regulated, nor is it evident that miRNA are the sole 
regulatory RNAs in cardiac regeneration. Long non-coding RNAs are emerging as regulators 
of RNAs (mRNA, miRNA, circRNA) as well as DNA and proteins. Their broad complex roles 
in gene regulation is a popular current topic, and there is evidence for involvement of several 
lncRNAs in cardiomyocyte proliferation.

Long non-coding RNA
Long non-coding RNAs are a class of RNA molecules consisting of over 200 nucleotides 
that can regulate gene expression, both at transcriptional and post-transcriptional level, in a 
range of cellular processes, including (de)differentiation and proliferation. The research field 
of lncRNAs is relatively young and only a limited number of lncRNAs have been explored in 
the context of cardiovascular regeneration. How the lncRNAs listed in Table 1 were identified 
and how they affect cardiomyocyte proliferation is elaborated on in the following paragraphs. 

Three lncRNAs have been identified that influence cardiomyocyte proliferation through 
affecting cell cycle genes. Endogenous cardiac regeneration-associated regulator (ECRAR) 
[50], LINCM3 (Gas5), and LINCM9 (Sghrt) [51] exert their function indirectly on one 



133Non-coding RNAs in cardiac regeneration |

5

or more Cyclin proteins. ECRAR binds to extracellular signal-regulated kinases 1 and 2 
(ERK1/2) activating cyclin D1 and cyclin E1, which both activate E2F transcription factor 1 
(E2F1). E2F1 can upregulate ECRAR, creating a positive feedback loop that stimulates cell 
cycle progression, promoting proliferation in cardiomyocytes. Over-expression of ECRAR 
stimulated cardiomyocyte proliferation in vivo in the adult rat heart. To assess the effect of 
ECRAR over-expression in a disease environment, rats with MI from LAD ligation were 
injected with Adenovirus-mediated ECRAR. Over-expression of ECRAR led to increased 
proliferation resulting in cardiomyogenesis. Furthermore, infarct size was significantly 
smaller in rats that were treated with ECRAR, scar formation measured by fibrotic area was 
less, and functional parameters were improved, suggesting ECRAR enhances the regenerative 
capacity of the myocardium. This was confirmed by knockdown of ECRAR in naturally 
regenerative neonatal rat hearts, preventing recovery after MI. ECRAR showed a 12-fold 
increased expression from the analysis of four datasets of RNA-sequencing in fetal compared 
to adult human cardiac tissues. This finding was confirmed in rat fetal hearts, where ECRAR 
expression is high on embryonic day 12 and decreased after birth [50].

Similarly, nuclear RNA-sequencing of single cardiomyocytes from failing and healthy 
human heart tissue identified heterogeneity in the transcriptomic stress-response [51]. 
Key nodal lncRNA surfaced that regulate dedifferentiation and cell cycle genes in certain 
subsets of cardiomyocytes that can potentially regulate cardiac repair. In the diseased cells 
of a trans-aortic constriction (TAC) mice model, LINCM3 (Gas5) and LINCM9 (Sghrt) 
were upregulated, and LINCM5 was down-regulated compared to sham operated mice. Both 
Gas5 and Sghrt are part of signaling pathways related to translation, generation of precursor 
metabolites, oxidative phosphorylation, response to oxidative stress, cell proliferation, and 
cardiac muscle tissue development. This indicated that both lncRNAs could be the main 
regulators of other genes within the same gene regulatory network. This hypothesis was tested 
by knocking down either of these lncRNAs in adult cardiomyocytes from TAC operated mice. 
Knockdown of Gas5 down-regulated the expression of Nppa (fetal reprogramming), Dstn 
(dedifferentiation marker), Ccng1 (cell cycle gene, coding for Cyclin G1), and Ccnd2 (cell 
cycle gene, coding for Cyclin D2). Gas5 has previously been shown to accumulate in the 
heart [52] and regulate apoptosis [53] and proliferation [54] in other cell types. Sghrt, at the 
time of writing, has no previously described function. Suppression of Sghrt did not have 
any significant effects on either Nppa or Dstn, increased Ccng1, and decreased Ccnd2. Thus, 
these experiments demonstrated that both lncRNAs can regulate genes in the same regulatory 
network at a transcriptional level [51]. 

Three other lncRNAs have been identified to be involved in cardiomyocyte regeneration, 
though not through affecting cell cycle genes. CAREL [55], MALAT1 [56], and Sirt1 anti-
sense lncRNA [57] influence cardiomyocyte proliferation through anti-proliferative and pro-
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apoptotic pathways, through inhibiting transcription factors in developmental pathways, and 
through stabilization of mRNA, respectively. 

Microarray analysis revealed that lncRNA CAREL was upregulated in postnatal mouse 
hearts. Over-expression of CAREL in cardiomyocytes of mice diminished their division and 
proliferation, and the regenerative capacity of neonatal hearts was lost. In contrast, silencing 
CAREL stimulated cardiac regeneration and promoted cardiac function after injury in both 
neonatal and adult mice. CAREL binds competitively to the targets of miR-296, Trip53inp1 
and Itm2a. In line with previous results, over-expression of miR-296 induced cardiomyocyte 
proliferation and increased the regenerative capacity. In CAREL transgenic mice, the 
regenerative capacity was decreased, and could be restored by over-expressing miR-296 [55]. 

LncRNA MALAT-1 is expressed in adult zebrafish hearts [56]. MALAT-1 knock-out zebrafish 
showed an enlarged pericardium and other cardiac developmental abnormalities. Cardiac 
progenitor cell genes nkx2.5 and gata4 were upregulated, hinting at a regulatory role for 
MALAT-1 [56]. 

Expression patterns of Silent information regulator factor 2 related enzyme 1 (Sirt1) antisense 
lncRNA are higher in embryonic and neonatal compared to adult mouse hearts [57]. Sirt1 
antisense lncRNA can bind Sirt1 messengerRNA, stabilizing it, and enhancing its translation 
into Sirt1 protein. Isolated neonatal cardiomyocytes were transfected with Sirt1 antisense 
lncRNA to examine its role in proliferation. Over-expression resulted in higher cell cycle 
activity, increased mitosis, and a higher cell number, indicating a positive influence on 
proliferation. In contrast, knocking down Sirt1 antisense lncRNA decreased the number 
of cardiomyocytes, cell cycle activity, and mitosis, and increased apoptosis. Next, intra-
myocardial injections of LNA targeting Sirt1 antisense lncRNA resulted in decreased levels 
of proliferation in neonatal mice. Following these experiments, Sirt1 antisense lncRNA was 
over-expressed in both healthy and LAD-MI adult mice, leading to increased cardiomyocyte 
proliferation compared to their respective controls and a higher survival rate in the treated 
LAD-MI mice compared to untreated mice. In the latter group, cardiac output parameters, 
left ventricular ejection fraction and fractional shortening, improved, and the infarct size was 
smaller compared to untreated LAD-MI animals. These outcomes indicate that Sirt1 antisense 
lncRNA positively affects the regenerative capacity in ischemic adult hearts [57]. 

In addition to affecting gene expression through the aforementioned mechanisms, lncRNAs 
can act as sponges to miRNAs. Two lncRNAs have been identified that function thusly in 
affecting cardiomyocyte proliferation.
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Recently, lncRNA NR_045363 was discovered to be mainly expressed in cardiomyocytes 
compared to non-cardiomyocytes, and more in embryonic mouse hearts than in adult mouse 
hearts [58]. Over-expression of this lncRNA in neonatal mice cardiomyocytes significantly 
increased proliferation in vitro and in vivo. Knockdown in primary embryonic cardiomyocytes 
led to decreased proliferation. Furthermore, over-expression in mice subjected to MI resulted 
in significantly ameliorated left ventricular ejection fraction and fractional shortening. 
Additionally, using EdU staining cardiomyocyte proliferation was shown to have increased 
in the animals over-expressing NR_045363. In silico target prediction showed  miR-216a  
as a potential targets of NR_045363. Mir-216a is also a target of LOC101927497, the 
human ortholog of NR_045363. These predictions were validated in vitro and it showed that 
knockdown of NR_045363 led to increased miR-216a expression, and over-expression of 
NR_045363 resulted in decreased miR-216a expression levels. The researchers concluded 
that NR_045363 may function as a miRNA sponge for miR-216a, thereby preventing down-
regulation of the targets of miR-216a, and consequently promoting proliferation [58].

Interestingly, one lncRNA has been identified that affects one of the cardiomyocyte 
proliferation-associated miRNAs. Cardiomyocyte regeneration related lncRNA (CRRL) has 
been identified from RNA-sequencing data of human fetal and adult heart tissues. CRRL 
promotes the expression of Hopx, the gene coding for Homeodomain-only protein, by directly 
binding miR-199a-3p, thereby removing the inhibition of miR-199a-3p on Hopx mRNA 
expression [59]. Loss of CRRL in adult rats preserved cardiac function and diminished adverse 
remodeling post infarct. Knockdown of CRRL in neonatal rat cardiomyocytes promoted 
proliferation in vitro and in vivo [59]. Thus, downregulation of the Hopx gene by removing 
the miR-199a-3p sponge CRRL via knockdown has a comparable effect to adding miR-199a 
as described previously [42]. 



136 |  Chapter 5

ncRNA Target Effect on Cardiac  
Function

Species Reference

Let-7a/c FNTß, SMARCA5 Negative Zebrafish Aguirre 2014 
[37]

miR-1-2 lrx5 Positive Mice Zhao 2007 [46]

miR-15 Chek1 Negative Mice Porrello 2011, 
Porrello 2013 
[44,45]

miR-17-92, miR-19a/b PTEN Positive Mice Chen 2013 [48]

miR-31a RhoBTB1 Positive Rats Xiao, 2017 [49]

miR-34a Sirt1, Cyclin D1, Bcl2 Negative Mice Yang 2015 [39]

miR-99/100 FNTß, SMARCA5 Negative Zebrafish Aguirre 2014 
[37]

miR-128 SUZ12, CDK2, Cyclin E, 
GATA4

Negative Mice Huang 2018 
[38]

miR-133a-1/2 SRF, Cyclin D2 Positive Mice Liu 2008 [47]

miR-195 Chek1 Negative Mice Porrello 2013 
[44]

miR-199a Homer1, Hopx Positive Mice, Rats Eulalio 2012 
[42]

miR-296 Trip53inp1, Itm2a Positive Mice Cai 2018 [55]

miR-302 Hippo, spec.: Lats2, Mob1, Mst1 Positive Mice Tian 2015, Wang 
2017 [40,41]

miR-590 Homer1, Hopx Positive Mice, Rats Eulalio 2012 
[42]

CAREL Trip53inp1, Itm2a Negative Mice Cai 2018 [55]

CRRL miR-199a - Hopx Negative Rat Chen 2018 [59]

ECRAR ERK1/2, Cyclin D1, Cyclin E1 Positive Rat Chen 2019 [50]

LINCM3 (Gas5) Nppa, Dstan, Cyclin G1, Cyclin 
D2

Mice Yin 2014, See 
2017 [54,51]

LINCM9 (Sghrt) Cyclin G1, Cyclin D2 Mice See 2017 [51]

MALAT-1 Nkx2.5, GATA4 Negative Zebrafish Wu 2019 [56]

NR_045363 miR-216a Positive Mice Wang 2019 [58]

Sirt1 antisense lncRNA Sirt1 mRNA Positive Mice Li 2018 [57]

Table 1 - Overview of identified non-coding RNAs validated in vivo for their role in cardiomyocyte proliferation. 

NON-CODING RNAs IN NEOVASCULARIZATION

The growth of new blood vessels requires proangiogenic stimuli, including growth factors 
such as vascular endothelial growth factor (VEGF-A) [60]. Certain non-coding RNAs, for 
example, have the ability to influence these proangiogenic factors. Therefore, non-coding 
RNAs have the potential to become a therapeutic tool for treating ischemic cardiac tissue [61]. 
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The following part provides an overview of advances in non-coding RNA research on cardiac 
regeneration through neovascularization. The non-coding RNAs listed in Table 2 are also 
shown in Figure 1, to illustrate the pathways they affect, and their effect on cell cycle 
progression or apoptosis, respectively. 

Figure 1 - Schematic representation of non-coding ribonucleic acids (RNA) and their respective targets that 
affect microvascular development and function through either stimulation (green) or repression (red) of cell cycle 
progression or apoptosis.

miRNA
The first example of involvement of miRNA in the regulation of neovascularization was 
shown by Yang [39]. Their discovery demonstrated that knocking out the miRNA processing 
enzyme Dicer in mice would result in early death during embryonic development, due to 
impaired angiogenesis [39,62]. Following up on that discovery, numerous studies have shown 
the critical roles of miRNAs in neovascularization. 

Over-expression of miR-210 on MI-injured cardiac tissue, showed an increase in 
neovascularization and angiogenic processes [63]. MiR-210 is known as a hypoxamiR, a 
label given to miRNAs that have an important role in hypoxic conditions [64]. Improved 
contractility in mammalian acute cardiac ischemia (ACI) models was observed when exposed 
to over-expression of miR-210, through the stimulation of hepatocyte growth factor (HGF) 
expression as well as the effect of miR-210 on left ventricular (LV) remodeling. This study 
concluded that through administration of miR-210 agonists, increased micro-vessel density 
was observed, indicating a potential therapeutic tool for patients with ACI [65]. 
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In mice, miR-92a has been observed to control recovery of ischemic tissue and has been 
noticed to play a role in angiogenesis. Both in vitro and in vivo, over-expression of miR-92a in 
endothelial cells blocked neovascularization. In MI models, miR-92a antagonists demonstrated 
enhanced angiogenesis and resulted into recovery of the injured tissue. MiR-92a affects 
numerous proteins that promote angiogenesis, including integrin subunit α5. An abundance 
of miR-92a in endothelial cell caused a decline in endothelial cell migration, decreased 
vascular network formation, blocking of sprouting in a 3D neovascularization model, as well 
as reduced adhesion of the endothelial cell to fibronectin. MiR-92a influences MAP kinase 
kinase 4 (MKK4) and Kruppel-like factors-4 (KLF4) by targeting integrin subunit alpha-5, 
thereby inhibiting cell cycle progression in endothelial cells, and consequently the formation 
of new blood vessels. MiR-92a can therefore be categorized as an anti-angiogenic factor 
[62,66]. Most of these studies were solely conducted in small animal models, and Hinkel et 
al. [67] took the next step and tested the efficacy of using the therapeutic potential of miR-92a 
inhibition in a pre-clinical porcine model of ischemia and reperfusion (I/R). The study showed 
that by using LNA-modified antisense miR-92a (miR-92a inhibitor), when applied regionally 
with the use of a catheter, the infarct size could be reduced significantly. This consequence 
resulted in enhanced cardiac function, as measured by LV ejection fraction and LV end-
diastolic pressure. Histochemistry in the models confirmed an increased density of capillaries 
in the post-ischemic MI porcine hearts [67]. This study indicates that anti-angiogenic non-
coding RNAs have the potential to be used as therapeutic targets in regenerative blood vessel 
formation. 

MiR-24 is an additional anti-angiogenic miRNA, validated in a MI model in mice. MiR-24 
has multiple effects on cardiac vascularization was shown to be upregulated as a consequence 
of cardiac ischemia. By acting on transcription factor GATA2, usually enriched in EC, as 
well as affecting PAK4, a p21-activated kinase, miR-24 promotes apoptosis of EC, limits 
cell sprouting (branching of vessels), and inhibits capillary network formation. Silencing 
of miR-24-targets as well as over-expression of miR-24, significantly restricted and halted 
angiogenesis in zebrafish embryos. Complete block of miR-24 decreased the damaged 
myocardial infarct size in mice, through increased vascularization and reduced apoptosis of 
the endothelial tissue. This resulted in improved cardiac function and thus miR-24 could be 
a potential therapeutic candidate for the regeneration of damaged tissue [62,68]. In a mouse 
LAD-MI model, miR-24 expression showed increased expression levels in ECs. By blocking 
miR-24 specifically through local delivery of an adenovirus-mediated decoy, angiogenesis and 
blood perfusion of the myocardial tissue surrounding the infarcted area increased. In addition, 
there was a reduction in the infarct size, miR-24 induced fibroblast apoptosis, and overall 
cardiac function improved. Despite these potentially regenerative measures and effects, miR-
24 decoy also increased cardiomyocyte apoptosis. In vitro, miR-24 inhibition supported 
endothelial cell survival, proliferation, and blood-vessel forming capabilities. Additionally, it 
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led to fibroblast apoptosis, which could result in a reduction in scar formation in vivo, and CM 
apoptosis. These results were confirmed in vivo 14 days post-MI [69]. Both inhibition [68] and 
over-expression [70] of miR-24 have yielded positive results in mice with acute MI. Meloni 
et al. [69] set out to test the results of inhibiting miR-24 on cardiac function in a MI model 
and observed, 14 days after MI, that cardiac function had improved. These results indicated 
that the initial positive effect on endothelial cells is stronger than the apoptotic effect in CMs, 
resulting in a pro-angiogenic response and improved cardiac function two weeks after MI. It 
must be noted that that extended inhibition of miR-24 could lead to increased apoptosis in 
CMs and have a destructive effect on cardiac function and infarct size. 

Wang et al. [71] discovered the importance of miR-126 in ensuring vascular integrity and 
function. The observation of mutant mice lacking the gene encoding for miR-126 resulted in 
dead embryos, or embryos suffering from ruptured blood vessels, hemorrhages and systemic 
edema. These abnormalities can be linked to reduced pro-angiogenic growth factor signaling, 
through e.g. VEGF and fibroblast growth factor (FGF). A lack of these angiogenic factors 
can lead to decreased endothelial cell growth, sprouting, and adhesion. MiR-126 as a pro-
angiogenic stimulator is linked to the inhibition of Spred-1, which is an inhibiting regulator 
of MAP kinase signaling. If Spred-1 is over-expressed, it decreases pro-angiogenic signals by 
VEGF and FGF. In the absence of miR-126, there is no regulation of Spred-1. The group of 
mutant animals that survived showed malfunctioning cardiac neovascularization following MI 
induced by permanent LAD ligation, indicating the essential function of miR-126 [71]. 

In mice that suffer from ACI and in humans with acute coronary syndromes, increased 
levels of miR-26a has been observed [72]. Expression of miR-26a resulted in endothelial 
cell cycle arrest, inhibition of endothelial cell migration, sprouting angiogenesis, and blood 
vessel network formation in Matrigel. Blocking of miR-26a has the opposite effects. Over-
expression of miR-26a in vivo in mice inhibited endothelial cell SMAD1 expression. It also 
resulted into a decrease in exercise-induced angiogenesis. Additionally, miR-26a inhibitor 
given intravenously resulted in increased levels of SMAD1 expression and readily induced 
significant levels of angiogenesis within two days. The pathway of miR-26a consists of 
the inhibition of the bone morphogenic protein/SMAD1 signaling pathway in ECs through 
directly targeting SMAD1. Through this blockage, Id1 expression is decreased, resulting in 
increased levels of p21 and p27 (regulators of the cell-cycle). leading to reduced infarct size 
and damage [72].

MiR-377 was found to play a role in paracrine-mediated angiogenesis [73]. In vivo evidence 
proved that, by knockdown of miR-377, mesenchymal stem cell (MSC) mediated angiogenesis 
increased, as well as the recovery of cardiac function after MI. Through the transplantation 
of these MSCs in MI rat hearts, the genetic over-expression of miR-377, its knockdown and 
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a control were compared. Anti-MiR-377 treated hearts showed most myocardial angiogenesis 
post-MI. Through computational miRNA prediction analysis, VEGF was determined to be a 
potential target affected by miR-377. Verification of this assumption was performed through 
Western Blotting as well as through dual luciferase reporter assay. Wen et al. [73] determined 
that miR-377 can bind to the VEGF untranslated-region (UTR), resulting in its negative 
regulation on expression [73]. STK35, also known as CLP36-interacting kinase 1, was found 
to be one of the top targets for miR-377. Indeed knockdown of STK35 resulted into a decreased 
angiogenic potential of ECs [74]. Goyal et al. concluded that VEGF stimulation in ECs 
increased STK35 expression, so targeting STK35 would have an antagonistic effect to VEGF. 
Subsequent studies have demonstrated that myocardial tissue, derived via human cardiac 
biopsies from patients that suffered from heart failure (HF), showed a significant increase 
in miR-377 expression compared to non-failing control hearts [74]. The transplantation of 
miR-377 knockdown hCD34+ cells into ischemic myocardium enhanced the proangiogenic 
capabilities of the tissue, stimulating LV remodeling and reducing cardiac fibrosis [75].  

Not all miRNAs relevant to angiogenesis have been validated in cardiac disease models. Other 
models have been employed to demonstrate the role of miRNAs in angiogenesis in other 
tissues such as the eye, muscle tissue, or cerebral tissue. These miRs could potentially be used 
to play a therapeutic role in cardiac tissue with regards to cardiac regeneration.

For example, miR-132/212 was knocked out in mice subjected to hind-limb ischemia. These 
animals displayed slower recovery compared to wild-type animals. These results were 
validated in vitro in a human umbilical vein endothelial cell (HUVEC)/pericyte co-culture by 
transfection of miR-132 and miR-212i. Addition of these miRs resulted in improved tubule 
formation, additional junctions, and longer tubule length, whereas inhibiting these miRs 
resulted in the opposite. By directly inhibiting SPRED1 and RASA1, miR 132/212 modulates 
the Ras-MAP-kinase pathway and promotes arteriogenesis [76]. MiR-214 has been proven 
to have an influence on developmental angiogenesis in vivo and in vitro, as well as in adult 
angiogenesis of mice. Specifically, van Mil et al. [77] demonstrated that miR-214 directly 
targets Quaking (QKI), a protein instrumental for vascular development. QKI transcript 
levels were up-regulated in various tissues of mice transfected with antagomiR-214, and QKI 
knockdown by siRNA as well as miR-214 over-expression demonstrated abnormal vascular 
sprouting, confirming its importance on vascular formation. Additionally, the role of miR-
214 on developmental angiogenesis was shown as antagomir-mediated miR-214 knockdown 
enhanced mouse retinal developmental angiogenesis. Mechanistic studies indicated that 
by silencing miR-214, more potent pro-angiogenic growth factors, such as VEGF-A, were 
secreted and the pro-angiogenic activity of EC-derived conditioned medium was increased, 
introducing a new pathway to possibly improve therapeutic vascular growth [77]. 
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Established in the study above as well, miRNA influence on VEGF is a determining factor 
towards the neovascularization of respective tissues. A study by He et al. [78] demonstrated 
the regulatory function miR-150 has on post-stroke cerebral ischemia in rats via its interaction 
with VEGF. Through the upregulation of miR-150, the study resulted into decreased levels of 
vascular density of near-infarcted zones of the brain after middle cerebral artery occlusion. 
Additionally, miR-150 was seen to counter-effect tube formation, proliferation and migration 
of brain microvascular endothelial cells. All these results could be linked to the interaction of 
miR-150 and VEGF, leading to reduced expression. Using a dual-luciferase assay, VEGF was 
determined to be a direct target of miR-150 [78].

The aforementioned miRNAs play crucial roles in neovascularization and are consequently 
potential opportunities for therapy. Naturally, expression of miRNAs can be controlled by 
lncRNAs as illustrated in the subchapter on cardiomyocyte proliferation. Several lncRNAs 
have been identified to play a role in regulating neovascularization. These are highlighted in 
the next section.

LncRNA
LncRNAs have been established as regulators of  various mechanisms involving 
neovascularization. This group of lncRNAs is also known as “Angio-lncRs” [14]. Due to the 
relative novelty of lncRNAs, lncRNAs that have not been directly validated in cardiac disease 
models are included in this part if the mechanism plays a role in neovascularization and has 
the potential to be relevant for cardiac regeneration. 

The interplay between previously introduced miR-150 and the lncRNA MIAT was demonstrated 
with regards to their role in cardiac neovascularization [79]. In cardiac as well as in retinal cells, 
MIAT functions as a reliever to miR-150-5p repression of the pro-angiogenic growth factor 
VEGF. By functioning as a sponge to miR-150, it has proven to enhance cardiac hypertrophy 
in rat derived heart H9c2 cells. MIAT can therefore be labelled as a competitive endogenous 
RNA. Knockdown of MIAT results in depleted levels of vascular forming networks that result 
from reduced TNF-α and VEGF. Taken together, this study showed that MIAT functions as an 
inducer of in pathological angiogenesis [14,79]. 

In vivo genetic deletion of MALAT1 as well as pharmacological inhibition of MALAT1 
reduced vascular growth, indicating its significance in neovascularization. Using a genetic 
ablation mouse model, Michalik et al. [80] determined that the lack of MALAT1 resulted 
in lower neonatal retina vascularization and delayed vessel extension, as opposed to wild-
type mice from the same litter. Furthermore, pharmacologically inhibiting MALAT1 with 
GapmeRs in a hind limb ischemia mouse model hampered blood flow recovery and reduced 
capillary density. MALAT1 controls the transition between proliferative and migratory 
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phenotypes of ECs, and its silencing through small interfering RNA (siRNA) resulted in the 
reduction of the number of proliferating ECs. Zhang et al. [81] additionally conducted RNA-
immunoprecipitation experiments. These tests demonstrated how MALAT1 has an immediate 
effect on vascular endothelial growth factor receptor 2 (VEGFR2) to facilitate angiogenesis, 
indicating that MALAT1 controls intrinsic angiogenesis through direct regulation of VEGFR2. 
The silencing of MALAT1 reduced tube formation, proliferation as well as cell migration 
in skeletal muscle microvascular endothelial cell [80,81]. Even though the aforementioned 
experiments employed the hind limb ischemia model, the results are relevant for cardiac 
endothelial cells that are in similar pathological remodeling conditions [62]. 

The lncRNA named MANTIS also affects angiogenesis [82,83]. In particular HUVECs 
were used in a Matrigel angiogenesis assay in mice. CRISPR/Cas9-facilitated knockout of 
MANTIS, or silencing through siRNAs or GapmeRs, decreased angiogenic sprouting and 
tube formation. MANTIS was discovered to target the endothelial genes SOX18, SMAD6, 
and COUP-TFII, all important pro-angiogenic genes. Silencing of MANTIS using GapmeRs 
and siRNAs resulted in decreased protein expression of SOX18, SMAD6, and COUP-TFII in 
coronary artery smooth muscle cells, human aortic smooth muscle cells, and in human aortic 
ECs. Furthermore, depression of any of these three proteins in a spheroid outgrowth assay 
resulted in poor endothelial sprouting. MANTIS was found to interact with BRG1, part of an 
ATP-dependent transcription activator family of proteins [82,83]. MANTIS increases ATP-ase 
activity of BRG1 by acting as a promoter for BAF155, a subunit of the complex. The BRG1 
protein family regulates the alteration and remodeling of the chromatin structure of the genes 
it acts on, namely SOX18, SMAD6, and COUP-TFII in this particular example. MANTIS 
can therefore be seen as a promoter of angiogenesis by stimulating transcription of these 
genes. Leisegang et al. concluded from their data that a decrease in MANTIS levels reduced 
the endothelial angiogenic function ex vivo as well as in vivo, opening more doors for the 
relatively unknown domain of lncRNA influence on angiogenic functions [82]. 

An antisense lncRNA named PUNISHER was found to have a large effect on neovascularization, 
as its inhibition led to severe vascular defects with problematic branching and decreased vessel 
formation [83]. These observations were made with the help of human pluripotent stem cell 
differentiation models. In zebrafish, PUNISHER supports and maintains EC function, yet its 
particular mechanism is still unknown.

In addition, knockdown of the lncRNA ALIEN resulted into observed down-regulation of 503 
genes that contributed to angiogenesis and blood vessel development [83,84].  
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ncRNA Target Effect on 
neovascularisation

Species Reference

miR-24 PAK4, GATA2 Positive Zebrafish Fiedler 2011, Meloni 2013 
[69,70]

miR-26a SMAD1 Negative Mice Icli 2013 [73]

miR-92a nMKK4, KLF4 Negative Mice, Pigs Bonauer 2009, Hinkel 2013 
[67,68]

miR-126 SPRED1, PI3K/Akt Negative Mice Wang 2008 [71]

miR-132/212 SPRED1, RASA1 Positive Mice Lei 2015 [77]

miR-150 VEGF Negative Rat He 2016 [79]

miR-210 Ptp1b, Efna3 Negative Mice Hu 2010, Arif 2017, Fan 2018 
[64,65,66]

miR-214 QKI Positive Mice van Mil 2012 [78]

miR-377 STK35 Positive Rat Wen 2014, Fan 2018 [74,66]

ALIEN 503 unspecified genes Negative Kurian 2015, Gomes 2017 
[85,86]

MALAT1 VEGFR2 Positive Mice Michalik 2014, Zhang 2018 
[81,82]

MANTIS BRG1, SOX18, SMAD , 
COUP-TFII

Positive Mice Leisegang 2017 [83]

MIAT miR-150 Negative Rat cell 
(in vitro)

Yan 2015 [80]

PUNISHER Unknown Positive Zebrafish Kurian 2015 [85]

Table 2 - Overview of identified non-coding ribonucleic acids validated in vivo for their role in neovascularization.

DISCUSSION

This chapter outlines various non-coding RNAs, their targets, and their effects on cardiac 
regeneration. By focusing on cardiomyocyte proliferation and cardiac neovascularization as 
hallmarks of regeneration, research involving the inhibition or enhanced expression of certain 
non-coding RNAs that resulted in significant alterations in the regenerative abilities of the 
heart was used to highlight the role non-coding RNAs can play in cardiac regeneration. These 
results open doors for new research into potential therapeutics based on the influence of non-
coding RNAs on cellular pathways. 

For non-coding RNAs to be used clinically several challenges have to be overcome and several 
requirements have to be met. The non-coding RNAs need to be stable, specific, and with high 
binding affinity, and they need to be delivered efficiently to the target tissue. Modification of 
non-coding RNAs to improve stability, specificity, and uptake, as well as delivery strategies 
are reviewed elsewhere [86,87,88,89]. Briefly, non-coding RNAs are modified with chemical 
modifications, such as 2’ sugar modifications, locked nucleic acids, or phosphodiester and 
phosphorothioate linkages, to improve stability, specificity, and uptake. Delivery strategies 
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include (biodegradable) biomaterials, lipid-based vehicles, viruses, exosomes, nanoparticles, 
microbubbles, and (cationic) polymeric drug delivery devices [90,91]. Their advantages 
include small size, stability, reduced degradation, improved uptake, and specificity. Local 
delivery may be facilitated by targeting ligands or localized injections. These strategies need 
to be investigated in models that allow for inclusion of delivery and surgical practices akin 
to surgery in humans, and that adequately resemble human pathophysiology. Additional to 
delivery, bio-distribution and pharmacokinetics/pharmacodynamics of these delivery vehicles 
need to be characterized. Furthermore, modulation of expression by non-coding RNAs can 
have profound effects in both the short and the long term. Their targets not only have to be 
identified and validated in short-term studies, the effect of non-coding RNA modulation also 
has to be assessed in long-term in vivo studies. As illustrated by Tian et al. and Gabisonia et 
al. [40,43], persistent and uncontrolled expression can result in death. Besides these short 
and long-term effects, off-target effects have to be identified and investigated, for non-
coding RNAs can have multiple targets. Only after these rigorous tests have been performed 
to a satisfactory level, the safety and efficacy of ncRNA therapeutics can be assessed in 
humans [92,43]. Therefore, to bring non-coding RNA therapeutics one step closer to clinical 
applications, research needs to move forward into more representative models of human 
disease that encompass all aspects of treatment. 
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DISCUSSION 

This thesis shows that advances in biofabrication, bioengineering and biomaterials can be 
combined to create more representative in vitro models of heart valve disease, and to develop 
novel drug delivery strategies. Clinically relevant human cardiac disease models are essential 
to comprehend the complex pathobiology and to identify therapeutic targets, as results 
obtained in animal models do not directly translate to the clinic. Non-coding RNAs hold great 
potential for cardiovascular regeneration, but novel drug delivery approaches are required to 
get these RNA therapeutics to specific organs or tissues and to improve therapeutic efficiency. 
Therefore, the main objective of this thesis was to develop a 3D human aortic valve disease 
model, and to engineer an injectable hydrogel to deliver non-coding RNA over several days.

Chapter 1 outlined the clinical relevance of novel treatment strategies for aortic valve disease, 
described the aortic valve (AV) anatomy, reviewed research on microRNAs involved in valve 
disease pathobiology and efforts in microRNA delivery, and emphasized requirements for  
in vitro valve disease models. Specifically, for in vitro models to be representative for calcific 
aortic valve disease (CAVD) they need to contain cells of human origin and replicate the 
native valve tri-layered structure and its biomechanical properties. 

Part I focused on the development of the first human 3D heart valve disease model. Nano-
indentation was used to measure the biomechanical properties of the individual layers of the 
native AV, which were replicated in the model by fine-tuning the concentration, ratio, and 
cross-linking parameters of biopolymers used to mimic the AV extracellular matrix (ECM). 
Non-diseased aortic valve interstitial cells (VIC) were mixed with these gelatin- and hyaluronic 
acid-based biopolymers and printed with a bioprinter to create 3D constructs with the same 
mechanical properties as the native valve. The cells inside the constructs were exposed to 
osteogenic factors to mimic disease progression. 

Furthermore, a first important step towards using the 3D CAVD in vitro model in search 
of novel therapeutics was taken by testing the effect of manipulating microRNA expression 
on the formation of microcalcifications in CAVD. Specifically, aortic VICs were producing 
microcalcifications in the 3D constructs as a result of osteogenic stimulation and microRNA-214 
expression was either increased or repressed via mimics or anti-miRs, respectively. 
Overexpressing microRNA-214 resulted in the formation of fewer microcalcifications compared 
to non-transfected controls. To accurately quantify the number of cells and microcalcification 
in the 3D constructs, a novel Python script was written using connected component analysis, 
optimized for extracting information from 3D confocal microscopy images.
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Part II is dedicated to the delivery of non-coding RNAs especially for cardiac regeneration. A 
drug delivery system was engineered to deliver microRNA therapeutics locally to be released 
over an extended period of time. To that extent, an injectable, self-healing hydrogel was designed 
to release microRNA therapeutics coupled to gold nanoparticles. The interaction of a polymer 
chain with a nanoparticle gave this gel shear-thinning and self-assembling properties, making it 
suitable for injection. The gold nanoparticles were functionalized with a polymer for stability, a 
peptide to facilitate cellular uptake, and microRNA therapeutics. The gold nanoparticle-coupled 
microRNAs were released from the hydrogel over the course of several days, maintaining 
functionality in an in vitro assay, and shown to infiltrate the cells in the 3D valve disease model. 
Furthermore, biodistribution of the gold nanoparticle-coupled microRNA after subcutaneous 
injection of the loaded hydrogel in mice showed hepatic and renal clearance. This platform 
is not specific for heart valve disease and can be tailored and used to treat other diseases as 
well, using other non-coding RNAs, and by injection into different tissues and organs. To that 
extent, Chapter 5 reviewed the role of non-coding RNAs in cardiac regeneration: the repair 
of cardiac tissue, which in turn enhances or restores the functional capabilities of the heart. 
Specifically, it summarized the research in species with native cardiac regenerative capacity 
to identify the mechanisms of cardiac regeneration, such as cardiomyocyte proliferation and 
neovascularization, and aimed to select potential useful targets. Understanding the regenerative 
capacity in lower vertebrates and rodents and their role as scientific models aided in illuminating 
how non-coding RNAs affect cardiomyocyte proliferation and neovascularization. Prior to using 
these non-coding RNAs for therapeutic purposes, further research into the pathobiology and 
disease mechanism is required, and optimal delivery parameters need to be established. 

PART I - AORTIC VALVE DISEASE MODEL

The AV is made up of three leaflets that each consist of three layers. These layers have 
their own unique ECM: the collagen-rich fibrosa layer, the proteoglycan-rich spongiosa, 
and the elastin-rich ventricularis [1]. During valve disease progression, the VICs undergo 
myofibrogenic and osteogenic differentiation, making the AV leaflets fibrotic first, and then 
calcified. This progression is specific to the fibrosa and eventually spreads into the spongiosa. 
The ventricularis only becomes calcified in later stages of the disease [2,3]. This observation 
could be explained by VIC sensitivity and reaction to the biomechanics of the ECM. VICs 
cultured on hydrogel substrates with a stiffness comparable to stenotic tissue readily produced 
calcifications and aggregates of apoptotic cells were found [4]. Porcine VICs cultured on 
polyacrylamide (PA) gels with physiological stiffness coated with collagen I differentiated into 
a myofibroblast-like phenotype only on substrates with stiffness matching the fibrosa, not the 
ventricularis [5]. Thus, local mechanics in the microenvironment in vitro direct pathological 
differentiation of quiescent VICs to myofibroblasts and osteoblasts [4-6]. 
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Notably, the individual layers of the human AV leaflets have not been separated and subjected 
to local compressive stiffness tests. Tensile mechanical properties of whole human AV 
leaflets, and of microdissected fibrosa and ventricularis, have been studied [7-9]. The elastic 
modulus of strips of human AV leaflet in the circumferential direction was higher than in the 
radial direction: 15.6 MPa and 2.0 MPa [7]. Micropipette aspiration measured the Young’s 
modulus of normal fibrosa (≈ 3 kPa) and ventricularis (≈ 1 kPa) of porcine valves, [5], and 
the only data on spongiosa biomechanics stem from atomic force microscopy on porcine 
valve cryosections [10]. Elastic moduli of the fibrosa, ventricularis, and spongiosa were 13.8 
kPa, 12.3 kPa, and 6.1 kPa, respectively. There are notable differences between porcine and 
humans AVs. For example, human AVs do not have a muscular shelf and have a smaller right 
coronary leaflet compared to porcine valves [11,12]. These anatomical differences could alter 
the biomechanical properties. To our knowledge, biomechanical testing of individual leaflet 
layers of the human aortic valve had not been performed, and existing in vitro models thus far 
cannot account for mechanosensitive cellular responses. 

In Chapter 2 we performed systematic microdissection and nanoindentation measurements 
on excised human AV leaflet tissue to measure the biomechanical properties of the individual 
layers for the first time. We measured the median Young’s moduli of the fibrosa, spongiosa, 
and ventricularis as 37.1, 15.4, and 26.9 kPa, respectively, and the median Young’s modulus 
of the intact leaflet as 26.7 kPa [13]. 

Current in vitro high-throughput drug discovery platforms do not account for the 
mechanosensitivity of VICs, an essential and dynamic feature of valve biology. These 
platforms are based on tissue culture polystyrene (TCPS) that exerts a high, non-
physiological stiffness. Similarly, 2D CAVD models based on TCPS do not accurately 
represent the native VIC microenvironment, resulting in haVIC activation [4,5]. Therefore, 
these platforms and models do not take into account mechanosensitive cellular responses, 
limiting the screening and testing capabilities of newly identified therapeutic targets [14]. 
Thus, a suitably scalable in vitro model that replicates layer-specific biomechanical 
properties is essential to screen and test potential novel therapeutic targets. So far, a 
range of soft-gel substrates have been used to study VIC phenotype and function. These 
are predominantly made of poly(ethylene-glycol) (PEG), PEG-dimethacrylate-poly 
(L-lactide) (PEGdma-PLA), polyacrylamide (PA), or collagen [4,5,10,15]. The PEG hydrogels 
were between 0.24 kPa and 13 kPa [15], below the values we measured in the native AVs 
[13]. PEGdma-PLA was used to electrospin AV leaflets with a Young’s modulus of 141 MPa 
compared to 62.4 MPa measured in a porcine AV leaflet [10]. We measured the Young’s 
modulus of an intact human AV leaflet at 26.7 kPa [13]. The PA gels require 10 minutes 
exposure to UV light (365 nm) [5], making them suitable as a substrate, though not for a 3D 
model. The extended exposure to UV light would likely harm the haVICs if mixed into the gel 
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prior to crosslinking. The elastic modulus of stiffer collagen gels was comparable to sclerotic 
valve tissue, however, the soft collagen gels used were still 2-3 times stiffer than normal AV 
tissue. Thus, a more accurate representation of the human ECM biomechanical properties in 
valve disease models could still be designed. 

It has been shown that in culture systems, based on hybrid methacrylated gelatin (GelMA) 
and methacrylated hyaluronic acid (HAMA) hydrogels, VICs can maintain a quiescent VIC 
phenotype and can support differentiation towards disease phenotypes via pathological 
cytokines or calcifying stimuli [6,16,17].

Using a 3D bioprinter, we directly replicated the biomechanical properties of human AV layers 
using GelMA/HAMA hydrogels. We printed a range of hybrid gels of 5-10% GelMA and 1% 
HAMA, varying crosslinking time from 30-90 s, and identified the formulations matching the 
native valve Young’s moduli for further experiments. Fourteen days in cell culture media did 
not affect the Young’s moduli of these cell-free hydrogels. Human aortic VICs were printed 
into these GelMA/HAMA constructs. Addition of cells to the hydrogels did not affect the 
Young’s modulus of the fibrosa- and spongiosa-like hydrogels on day 1. After 14 days in 
culture, the Young’s modulus of the spongiosa-like cell-laden hydrogels was unaffected. 
The Young’s modulus of the fibrosa-like cell-laden hydrogels had decreased, indicative of 
ECM remodeling. This observation was confirmed by increased matrix metalloproteinase 
9 (MMP-9) activity and positive staining for newly synthesized collagen. Both fibrosa and 
spongiosa mechanical properties were mimicked in individual constructs, and printing dual-
layered constructs maintained layer-specific biomechanical properties, while the interface 
remained stable and withstood all processing, handling, and culture without evidence of 
delamination or degradation. 3D bioprinting provides better cell seeding and attachment over 
other biofabrication methods, and with lower variability between constructs, as was reviewed 
in Chapter 1. 3D bioprinting is used for biofabrication and tissue engineering of intricate 
tissues, including co-culture tumor models, branched vasculature, and cartilage tissues, and is 
compatible with GelMA hydrogels [18-21]. Specifically, it has been used to produce alginate/
gelatin AV conduits, though the application in modeling AV leaflet biomechanical properties 
is unprecedented [22]. 

VICs maintained a quiescent phenotype under basal cell culture conditions in our printed 
constructs. We then stimulated calcification of the constructs using established osteogenic 
factors, ascorbic acid, dexamethasone, and β-glycerolphosphate [17]. This resulted in formation 
of microcalcifications and pathological differentiation in non-diseased primary human aortic 
VICs, which could be observed after 14 days of osteogenic stimulation, specifically in the layer 
mimicking native fibrosa mechanical properties, similar to disease progression in humans. 
Furthermore, VICs manipulated and remodeled the ECM in the 3D bioprinted constructs, 
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indicated by an increase in MMP-9 activity, as is observed in the native valve. Increased 
MMP-9 activation was also observed in 30 stenotic AVs compared to 6 healthy AVs [23]. 
Collectively, these findings establish a novel 3D model to study valvular mechanobiology and 
are an important step towards medium- and high-throughput screening of novel drug targets 
for valve disease in a biologically highly relevant model. 

In Chapter 3 we tested the effect of microRNA-214 manipulation on calcification levels 
in our in vitro model for CAVD. Patients with aortic stenosis displayed higher levels of 
microRNA-214 in blood samples and in AV tissue samples compared to healthy control 
patients [24]. In haVICs isolated from non-diseased valves cultured in 2D, overexpression 
of microRNA-214 in vitro resulted in increased production of pro-inflammatory mediators 
ICAM-1, IL-6, IL-8, and MCP-1, through MyD88/NF-κB signaling. Additionally, stimulated 
MyD88/NF-κB signaling increased known calcification markers Runx2, Msx2, and BMP2 
[24]. Furthermore, co-culture of M1 macrophages with VICs resulted in decreased expression 
levels of TWIST1, a direct target of microRNA-214, resulting in increased calcification [25]. 
microRNA-214 inhibition reduced calcification, and knockdown of TWIST1 reversed the effect 
of microRNA-214 inhibition, indicating the mediating role of TWIST1 in macrophage induced 
calcification in VICs via microRNA-214. Knockdown of microRNA-214 in ApoE-/- mice on a 
high cholesterol diet reduced AV calcification [25]. Contrastingly, in multiple other studies, in 
calcified human AV tissue compared to healthy AV tissue, microRNA-214 was downregulated 
[26-28]. Thus, the exact role of microRNA-214 in aortic stenosis remains unclear. 

For our studies, human aortic VICs from patients undergoing valve replacement surgery, 
as a result of AV calcification, stenosis, and/or insufficiency, were isolated and cultured in 
3D GelMA/HAMA constructs in normal cell culture media or media supplemented with 
osteogenic factors to stimulate calcification. After 14 days, the number of microcalcifications 
was significantly higher (5-fold) in the group exposed to osteogenic media, confirming 
our previous observations that this model is a suitable representation of AV calcification. 
Additionally, in both normal media and osteogenic media, n =3 constructs were transfected 
with either microRNA-214 mimic or anti-microRNA-214 to test the effects of increasing 
or blocking microRNA-214 levels on the formation of microcalcifications. Overexpressing 
microRNA-214 in the haVICs exposed to OM, resulted in the formation of fewer 
microcalcifications compared to non-transfected controls exposed to OM. These results tend 
to support the hypothesis that microRNA-214 can reduce the production of microcalcifications 
in haVICs. The effects of manipulating microRNA-214 expression on directs targets of 
microRNA-214 was not measured. 
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Regardless of the overlap in the methods used in the experiments conducted by Zheng et al. 
[24] and our experiments described in chapter 3, stimulating miRNA-214 had the opposite 
effect. The most important difference is that Zheng et al. used haVICs from non-diseased 
valves in a 2D cell culture setting [24], while we used haVICs from CAVD patients in a 3D 
in vitro model [13]. Thus, conducting these experiments in 3D with non-diseased haVICs 
would be the most ideal experimental setting to show superiority of a 3D system. In addition, 
miRNA-214 levels must be quantified in these follow-up experiments to elucidate its role in 
aortic stenosis. 

Furthermore, calcifying capacity can vary between donors (n = 9) and between passages [29]. 
Two kind of calcifying media were tested in 2D culture over 4 passages. haVICs calcified 
less easily after multiple passages of stimulation with OM (containing organic phosphate) 
compared to haVICs cultured in pro-calcifying media (normal media supplemented with 
L-ascorbic acid and inorganic phosphate). We observed fewer microcalcifications in constructs 
from one of the three donors exposed to OM, yet overall, in these experiments and in previous 
experiments [13], haVICs produce significantly more microcalcifications after exposure to 
OM in 3D culture. This requires further investigation, and, to be able to compare different 
experiments, the field would benefit from a uniform approach in cell culture practice and 
stimulation of calcification. 

Future Directions
This 3D CAVD model provides the foundation for next generation valve disease models. 
This model can be built upon by inclusion of valve endothelial cells (VEC) to study the 
interaction between VICs and VECs. This interaction was previously shown to be important 
in homeostasis, preventing endothelial-to-mesenchymal transformation and osteogenesis of 
VECs and demands further investigation [30]. Addition of immune cells, such as macrophages 
and CD8-positive T cells, would make the model a more accurate representation of early valve 
disease, as in the early pro-inflammatory phases, activated macrophages are thought to promote 
disease progression through pathological ECM remodeling and osteogenic cytokine release 
[31], and CD8-positive T cells produce interferon-γ, favoring calcification [32]. Furthermore, 
native haVICs reside in a dynamic environment. The AV leaflets recoil during systole, and 
stretch under backpressure during diastole [33]. These dynamic, directional forces could be 
incorporated in a next generation valve disease model. Dynamic testing has been performed 
on AV leaflets to investigate the role of cyclic stretch and pressure on VIC phenotype [34]. 
Specifically, porcine AV leaflets were subjected ex vivo in a bioreactor to either normal or 
pathological stretch (10 and 15%, respectively) and pressure (120/80 and 140/100 mmHg, 
respectively), resulting in downregulation of α-SMA, Vimentin, and Calponin. This resulted in 
inhibition of contractile and myofibroblast VIC phenotypes, similar to fibrosa- and spongiosa-
layer thickening as observed in aortic valve disease. Therefore, to model the pathobiology 
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even more accurately, the ideal model includes (1) an anatomically correct valve construct, (2) 
biomechanical parameters, Young’s modulus of 26.7 kPa for non-calcified human AV and the 
difference in extensibility in the radial and circumferential direction [8,9], (3) both haVICs and 
haVECs, and possibly immune cells, and (4) a dynamic bioreactor to apply pathological cyclic 
stretch (≥15%) and pressure (≥140/100 mmHg). It would be possible to study the relation 
between physical cues, such as pressure and stretch, and biological cues, such as cytokines, 
growth factors, and non-coding RNA. Figure 1 illustrates a setup for testing shear, stretch, 
and pressure on a tri-layered co-culuture AV construct, and Figure 2 shows an illustrated 
bioreactor to test an anatomically correct valve construct. 

A different avenue for next generation CAVD models is to facilitate a mechanically relevant 
niche for differentiation of pluripotent stem cells into VICs. Human induced pluripotent stem 
cell derived mesenchymal stem cells have been differentiated into aortic VICs in poly(ethylene 
glycol)diacrylate (PEGDA) hydrogels with a Young’s modulus between 3 and 15kPa. The 
cell-laden hydrogels initially had higher moduli around 30kPa, though after 28 days their 
moduli had dropped to 3.7 kPa [35]. These values are significantly lower than the moduli we 
measured in excised valve leaflet layers [13]. Combined with the scalability provided by 3D 
bioprinting, a next generation, (anatomically correct) biomechanically relevant model of an 
AV with iPSC-derived VICs could provide a solution to some of the main challenges for tissue 
engineered heart valves; the generation of sufficient numbers of VICs, and rejection of non-
autologous cells [36,37]. 

Broadly, this strategy for matching tissue mechanical properties with scalable 3D-bioprinting 
of in vitro models can be translated to tissues with complex ECM composition and a 
mechanosensitive resident cell population. This advanced disease modeling approach with 
human cells, including multiple cell types, is a step towards reducing the number of animals 
used in pre-clinical research and an advancement in the translation from bench to bedside as 
animal trials are time consuming and costly. 
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Figure 1 – Illustration of a bioreactor setup that allows for testing the effects of pressure, stretch, and shear stress 
on (tri-layered) AV constructs that can include both haVICs and haVECs. Moving the piston (grey) increases the 
pressure on the membrane (blue), causing it to expand and push the construct (red) into the tube, exposing it to 
(pulsatile) flow. This creates shear stress on the haVECs that line the construct, and the haVICs inside the construct 
experience stretch on the tube side and compression on the chamber side. Immune cells can be introduced via the 
media.

Figure 2 – Illustration of a bioreactor setup that incorporates anatomical geometries for testing anatomically 
correct AV constructs. The piston pump creates pressure and back pressure across the valve construct, opening and 
closing the leaflets, inducing radial and circumferential stress on the AV leaflets. The widened section of tubing, 
representative of the Valsalva sinuses, reduce stress on the leaflets by creating Eddy currents between the leaflet 
cusps and the sinus wall. 
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PART II - NON-CODING RNA AND DELIVERY

In Chapter 4 we set out to engineer a drug delivery platform that would be locally injectable 
and function as a reservoir to ensure microRNA release over an extended period of time. 
Unmodified, naked oligonucleotides are prone to degradation by serum nucleases, have a 
low binding affinity for their target microRNAs, demonstrate poor pharmacodynamics/
pharmacokinetics (PD/PK), and are incapable of crossing negatively charged cell membranes 
due to their positive charge [38]. Furthermore, direct, systemic microRNA injection results in 
high washout and low retention [39]. Therefore, to improve biostability and reduce degradation, 
we attached microRNA molecules to gold nanospheres (AuNP) that were functionalized with 
PEG [40,41]. In order to avoid endosomal degradation, we also functionalized the AuNPs with 
influenza hemagglutinin to stimulate endosomal escape intracellularly.

Slow release carriers are the subject of extensive research to maintain plasma drug levels in 
the therapeutic range, to reduce undesirable side-effects, to reduce drug degradation, to reduce 
waste, to eliminate discomfort associated with repeated parenteral administration, to improve 
patient compliance, and to improve biostability and binding stability [42]. These efforts 
include non-viral vectors for delivery, such as lipids, microbubbles, polymers, and inorganic 
materials [40, 43-45]. In general, parenteral administration of therapeutics or drug delivery 
systems via injection can be achieved easily and in a minimally invasive manner. However, 
traditional intravenous injections result in relatively short residence time in the body. On 
the other hand, surgical implantation of a material-based controlled release system provides 
longer-lasting effects, but is more invasive [42]. Injectable hydrogels with controlled release 
provide an attractive method to administer drugs locally, in a minimally invasive manner, and 
with extended biological effect. 

Injectable hydrogels based on natural or synthetic polymers have been widely developed, 
including ECM, collagen, fibrin, alginate, functionalized poly(ethylene glycol) (PEG), 
or poly(N-isopropylacrylamide) (pNIPAM) [46,47]. Covalent cross-linking methods are 
commonly used in hydrogels, requiring temperature, light, or pH changes for initiation [48-
52]. A pH cross-linkable hydrogel was developed for miRNA delivery based on non-covalent 
ureido-pyrimidinone (UPy) cross-linking. Near complete release of miRNA molecules from 
UPy gels was achieved after two days [52]. Despite their relatively facile production, they can 
provide extra hurdles in biomedical applications, because the reaction is not instantaneous and 
loaded content can be lost in the process. Some of these hydrogels require external stimuli or 
instruments, for example a UV light source, for cross-linking. 
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Contrarily, non-covalent cross-linking yields spontaneous gelation without external stimuli, 
avoiding the aforementioned challenges. Furthermore, non-covalent gels commonly exhibit 
shear-thinning and self-healing characteristics, allowing injection and minimally invasive 
delivery, thereby improving clinical applicability. These kind of hydrogels are based on 
leucine zipper domains, dock-and-lock proteins, and host-guest interactions [53-55]. For 
example, Steele et al. [56] demonstrated in vivo biocompatibility of a polymer-nanoparticle 
hydrogel based on PEG-block-PLA nanoparticles and hyaluronic acid. Rats were injected with 
100 µl of hydrogel, subcutaneously and intra-muscularly, and after 7 and 14 days the absence 
of neutrophils, lymphocytes, or other immune cells indicated the lack of an immune reponse. 
Furthermore, neither edema, granulation tissue, fibrosis, nor necroptosis was detected. 
Macrophages were detected on day 3, which, according to the authors, was consistent with 
a general inflammatory response at the injection site, and it had subsided again by day 7. 
Subsequently, the hydrogel was injected intramyocardially in rats and no signs of stroke or 
gross morbidities were observed. After 7 days the animals were sacrificed for full necropsies, 
and no differences were observed between the test and control group [56]. This indicates 
that the shear force exerted on the hydrogel within the muscle tissue and myocardium is 
insufficient to break the non-covalent bonds between the nanoparticles and the polymer. 

We therefore used a similar shear-thinning, self-healing hydrogel to deliver the microRNA-
functionalized AuNPs. The polymer nanoparticle interactions between a hydroxypropyl-
methylcellulose derivative (HPMC-C12) and core-shell nanoparticles [poly(ethylene glycol)-
block-poly(lactic acid) (PEG-b-PLA) nanoparticles] give the hydrogel its advantageous 
properties. AuNP-miRs were loaded into the PNP gel and sustained linear release under 
physiological conditions up to 20% over 5 days was observed. The functionality of AuNP-
miR-214 was demonstrated in vitro using a microRNA reporter assay, achieving approximately 
42% knockdown of its target, and in the 3D human CAVD model where it significantly 
increased the calcification marker alkaline phosphatase. We also assessed biodistribution in 
vivo after subcutaneous injection of PNP-AuNP-miR, showing body clearance after 11 days. 
This data demonstrates a promising, innovative approach to potentially achieve controlled 
release of functional microRNA from an injectable, self-healing PNP hydrogel.

This platform can be translated to target other organs or tissues and to treat various diseases 
that would benefit from local delivery of RNAi therapeutics over a longer period of time. It 
could also facilitate the delivery of other RNA therapeutics such as small-interfering RNA or 
long non-coding RNA. 

One example would be RNA delivery for stimulating regeneration in the myocardium as 
highlighted in Chapter 5. Cardiovascular disease is a major cause of death globally, and the 
number of patients with heart failure is increasing [57]. Currently, heart transplantation is the 
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only curative option for patients with end-stage heart failure, and the number of donor hearts 
is dramatically lower than the number of patients on the transplant list. Regardless of the 
evidence of cardiomyocyte renewal in adults, regeneration of functional myocardium in heart 
failure is negligible; proliferation of existing cardiomyocytes is insufficient to repopulate 
damaged myocardium [58]. Recent evidence based on single-cell sequencing and genetic 
lineage tracing of proliferative cells in mouse hearts did not support meaningful proliferation 
of cardiomyocytes, nor did it prove the existence of a cardiac stem cell population that 
replaces lost myocardium [59,60]. Thus, the emphasis is shifting towards employing the 
limited regenerative capacity of the cardiomyocytes. Reactivation of proliferative capacities 
of these cells via dedifferentiation, cell cycle re-entry, and cytokinesis, is the focus of 
research to promote cardiac regeneration [61-66]. Cardiac regeneration is defined as the 
repair of cardiac tissue, which in turn enhances or restores the functional capabilities of 
the heart. Cardiac regeneration can be controlled on multiple levels, including cell-cycle 
manipulation, cellular reprogramming with small molecules, and ECM, protein, and RNA 
regulation [64,65,67,68]. First, we explored the cardiac regeneration in species with native 
cardiac regenerative capacity, such as zebrafish, newts and axolotls. Then, we elaborated 
on the role of microRNAs and long non-coding RNAs in cardiomyocyte proliferation and 
neovascularization. Other non-coding RNAs, such as circular RNA, PIWI-interacting 
RNAs, or small inhibitory RNAs were excluded from this chapter, as their role in cardiac 
regeneration remains to be elucidated. To highlight the role non-coding RNAs can play 
in cardiac regeneration, research that inhibited or enhanced the expression of specific 
non-coding RNAs that resulted in significant changes in the regenerative capacity of the 
myocardium was included. 

Future Directions
There are several microRNA therapeutics currently in clinical trials, including miRNA-16 
for mesothelioma, miRNA-21 for Alport syndrome, miRNA-29b for fibrosis, miRNA-92 
for ischemia, miRNA-103/107 for NASH, miRNA-122 for Hepatitis C virus in 2 trials, 
miRNA-124 for inflammatory bowel disease, miRNA-155 for lymphoma and leukemia as 
well as amyotrophic lateral sclerosis (ALS) [69]. Prior to the clinical application of non-
coding RNAs, there are multiple hurdles that have to be overcome and requirements that 
need to be met. The non-coding RNAs need to be stable, specific, and with high binding 
affinity, and they need to be delivered efficiently to the target tissue. Lipocomplex-based 
delivery to cardiac tissue has shown issues with blood and serum stability, as well as 
cytotoxicity, specificity, and low efficiency, and adeno-associated virus vector transfection 
can lead to prolonged expression beyond the therapeutic window, though it is more specific 
[70]. Improving biostability, specificity, and uptake were discussed in Chapter 1, as were 
delivery strategies. Non-coding RNA can be stabilized by chemical modification and delivery 
strategies include polymer-, lipid-, conjugation-, antibody-, microbubble-, and nanoparticle-
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based approaches [40,41,43-45]. Hydrogels have proven to be excellent carriers to overcome 
mechanical extrusion due to the dynamic environment of the myocardium [56,71]. 

These strategies need to be tested and validated in models that allow for inclusion of 
delivery and surgical practices akin to surgery in humans, and that adequately mimic human 
pathophysiology. Additionally, off-target effects have to be identified and investigated prior 
to clinical studies.

Moreover, modulation of non-coding RNA expression can have substantial short- and long-
term effects. Their targets must be identified and validated in short-term studies. For example, 
myocardial infarction was induced in pigs and microRNA-199 was delivered to the myocardium 
using adeno-associated virus vectors. Compared to sham operated animals, treated animals 
displayed increased contractility, both locally and globally, increased myocardial muscle mass, 
and reduced scar tissue, correlating to cardiomyocyte proliferation [68]. More importantly, 
the effect of non-coding RNA modulation must be assessed in long-term in vivo studies. 
Persistent and uncontrolled expression can result in death, as observed in the microRNA-199 
study in pigs. Seven weeks after treatment with microRNA-199, persistent and uncontrolled 
expression resulted in sudden cardiac death due to fatal arrhythmias, demanding more tightly 
regulated dosing [68]. Another example is the microRNA cluster microRNA-302-376, which 
is expressed in embryonic cardiac development in mice [72]. It targets the Hippo signal 
transduction pathway, and expression in post-natal mouse hearts resulted in an increase in the 
number of cardiomyocytes through cell cycle reactivation. However, persistent re-expression 
resulted in heart failure due to prolonged immature dedifferentiation states. Transient 
expression of microRNA-302-367, however, increased murine cardiac regeneration without 
resulting in heart failure [72]. Therefore, only after performing extensive, rigorous testing, the 
safety and efficacy of non-coding RNA therapeutics can be assessed in humans [68,73]. Thus, 
to bring non-coding RNA therapeutics one step closer to clinical applications, research needs 
to focus on improving delivery, targeting, and dosing, both short- and long-term.
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CONCLUSION

This thesis aimed to add a dimension to current models of aortic valve disease and to the delivery 
of RNA therapeutics. Engineering a 3D bioprinted aortic valve disease model with human valve 
cells and tailored mechanical properties created the most advanced human CAVD model to date, 
and laid the groundwork for next generation valve disease models. The work presented in this 
thesis can be used to map the pathobiology of aortic valve disease and to identify and validate 
therapeutic targets as is, and it can be the foundation for new models that incorporate multiple cell 
types and dynamic bioreactor testing. Furthermore, the novel drug delivery platform presented 
in this thesis can potentially be used to deliver microRNA therapeutics to various organs and 
tissues, provided that specific functional, immune response, and safety studies are performed, 
and it can be adapted to deliver other types of RNA therapeutics. 
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Dit proefschrift laat zien dat ontwikkelingen in biofabricatie, bio-technologie en biomaterialen 
kunnen worden gecombineerd om representatieve in vitro modellen van hartklepaandoeningen 
te ontwerpen, waarmee nieuwe strategieën voor medicijnafgifte kunnen worden ontwikkeld. 
Klinisch relevante modellen van hartklepaandoeningen bij de mens zijn essentieel om 
de complexe pathobiologie te begrijpen en om therapeutische doelen te identificeren. 
Niet-coderende RNAs kunnen potentieel een groot effect hebben op cardiovasculaire 
regeneratie, maar er zijn nieuwe benaderingen voor medicijnafgifte nodig om deze RNA-
therapeutica in specifieke organen of weefsels te brengen en om de therapeutische efficiëntie 
te verhogen. Daarom was het hoofddoel van dit proefschrift om een humaan 3D model 
van aortaklepverkalking te ontwerpen, een injecteerbare hydrogel om niet-coderend RNA 
gedurende meerdere dagen af   te leveren te ontwikkelen en het effect hiervan te testen in het 
3D model.

Hoofdstuk 1 schetst de klinische relevantie van nieuwe behandelstrategieën voor 
aortaklepaandoeningen en beschrijft de anatomie van de aortaklep (AV). De aortaklep bestaat 
uit drie interne lagen: aan de aorta zijde de fibrosa, aan de hartkamer zijde de ventricularis, 
en daar tussen in de spongiosa. De aortaklepcellen (VICs) in deze drie lagen onderhouden 
de matrix van collageen en elastine die de aortaklep haar stijfheid en elasticiteit geeft. Bij 
aortaklepverkalking ontstaan microcalcificaties in de fibrosa laag en verspreiden zich 
uiteindelijk door de klep, wat het functioneren van de aortaklep verhindert. Momenteel is 
de beste behandeling het chirurgisch vervangen van de aortaklep in het laatste stadium van 
de ziekte. Er zijn op dit moment geen medicijnen beschikbaar die de verkalking vertragen of 
stoppen. Daarom evalueert dit hoofdstuk de onderzoeken naar microRNAs die betrokken zijn 
bij de pathobiologie van klepziektes en naar de toediening van die microRNAs. Om potentiele 
therapeutica te onderzoeken en te testen is een relevant model van de ziekte essentieel. Op 
basis hiervan benadrukt dit hoofdstuk de vereisten voor het ontwikkelen van klinisch relevante 
in vitro klepziekte modellen; om representatieve in vitro modellen voor aortaklepverkalking 
te maken, moeten deze cellen van menselijke oorsprong bevatten en de oorspronkelijke 
drielaagse klep structuur met de biomechanische eigenschappen repliceren.

Deel I richt zich op de ontwikkeling van het eerste menselijke 3D-hartklepziekte model. Nano-
indentatie werd gebruikt in Hoofdstuk 2 om de compressieve stijfheid van de individuele lagen 
van de menselijke aortaklep te meten. Die eigenschappen werden in het model gerepliceerd 
door de concentratie, verhouding en cross-linking parameters van biopolymeren nauwkeurig 
op elkaar af te stemmen. Biopolymeren op basis van gelatine en hyaluronzuur werden zo 
gebruikt om de extracellulaire matrix (ECM) van de aortaklep na te bootsen. Gezonde 
interstitiële cellen uit de aortaklep (VIC) werden gemengd met deze biopolymeren en geprint 
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met een bioprinter om 3D-constructen te creëren met dezelfde mechanische eigenschappen als 
de gezonde klep. De VICs in de constructen werden blootgesteld aan osteogene factoren, die 
de vorming van microcalcificaties stimuleren, om het ziekteverloop na te bootsen.

Bovendien werd een eerste belangrijke stap gezet in Hoofdstuk 3 in het gebruik van het 
3D in vitro aortaklep verkalking model bij de zoektocht naar nieuwe therapeutica door het 
effect van manipulatie van microRNA-expressie op de vorming van microcalcificaties in 
aortaklep verkalking te testen. Om het aantal cellen en microcalcificaties in de 3D-constructen 
nauwkeurig te kwantificeren, werd een nieuw Python-script geschreven met behulp van 
een verbonden componenten analyse, geoptimaliseerd voor het extraheren van informatie 
uit driedimensionale confocale microscopiebeelden. VICs produceerden microcalcificaties 
in de 3D-constructen als gevolg van osteogene stimulatie. Daarna werd de expressie van 
microRNA-214 verhoogd of juist onderdrukt door de toevoeging van RNA “mimics”, die RNA 
nabootsen, of zogenaamde anti-microRNAs. Het verhogen van microRNA-214 resulteerde in 
de vorming van minder microcalcificaties in vergelijking met controlegroepen.

Hiermee lieten wij zien dat de 3D representatie van de aortaklep mogelijk is en dat hierin het 
ziektemodel van aortaklep verkalking nauwkeurig nagebootst kan worden. Ook demonstreerden 
we dat microRNA-214 een negatief effect kan hebben op aortaklep verkalking, identificeerden 
we op deze manier microRNA-214 als een potentieel nieuw therapeutisch doel. 

Deel II is gewijd aan de toediening van niet-coderende RNAs en aan de potentie van niet-
coderende RNAs voor het induceren van hartweefsel regeneratie. Hoofdstuk 4 beschrijft hoe 
een medicijn-afgiftesysteem werd ontworpen om microRNA-therapeutica lokaal te plaatsen en 
gedurende een langere periode vrij te geven. In zoverre werd een injecteerbare, zelfherstellende 
hydrogel ontworpen om microRNA-therapeutica gekoppeld aan gouden nanodeeltjes te 
laten vrijkomen. De interactie van een polymeerketen met een polymeer nanodeeltje gaf 
deze gel zijn zelfherstellende eigenschappen, waardoor het geschikt is voor injectie. Onder 
druk werd de hydrogel vloeibaar, en wanneer de druk wegviel werd de gel viskeus. Aan de 
gouden nanodeeltjes werd een polymeer voor stabiliteit, een peptide om opname in cellen te 
vergemakkelijken, en microRNA-therapeuticum gekoppeld. De gouden nanodeeltjes kwamen 
gedurende enkele dagen vrij uit de hydrogel, waarbij de functionaliteit behouden bleef. Verder 
werd er aangetoond dat de gouden nanodeeltjes de VICs infiltreren in het 3D-aortaklepziekte 
model. Bovendien werden de nanodeeltjes met microRNAs na subcutane injectie van de 
hydrogel in muizen geklaard door de lever en nieren. Dit hydrogel medicijnafgifte platform 
is niet specifiek voor hartaandoeningen en kan worden aangepast om ook andere ziekten te 
behandelen, met behulp van andere niet-coderende RNAs. Het afgiftesysteem kan in theorie 
in verschillende weefsels en organen worden geïnjecteerd.
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Hoofdstuk 5 gaat in op de rol van niet-coderende RNAs bij hartregeneratie: het herstel van 
hartweefsel, wat op zijn beurt het functionele vermogen van het hart verbetert of herstelt. 
Het vatte het onderzoek samen wat gericht is op diersoorten met een natuurlijke capaciteit 
voor hartregeneratie. De mechanismen hiervan, zoals proliferatie van cardiomyocyten en 
neovascularisatie, werden geïdentificeerd, waardoor potentieel therapeutisch bruikbare doelen 
geselecteerd kunnen worden. Het begrijpen van de regeneratieve capaciteit bij anamnioten, 
of lagere gewervelde dieren, en knaagdieren, en hun rol als wetenschappelijke modellen 
helpen bij het verduidelijken hoe niet-coderende RNAs neovascularisatie en de proliferatie 
van cardiomyocyten beïnvloeden. Voordat deze niet-coderende RNAs voor therapeutische 
doeleinden kunnen worden gebruikt, is verder onderzoek naar het ziektemechanisme vereist 
en moeten optimale toedieningsparameters worden vastgesteld, om de effectiviteit te bepalen 
en ongewenste bijwerkingen te voorkomen. Daarnaast moet de veiligheid, en korte- en lange-
termijn effecten worden onderzocht.

Dit proefschrift heeft een dimensie toegevoegd aan de huidige modellen van aortaklepverkalking 
en aan het toedienen van RNA therapeutica. De ontwikkeling van het 3D aortaklepziekte model 
met humane cellen en op maat gemaakte mechanische eigenschappen heeft geleid tot het 
meest geavanceerde model op dit moment, en het heeft de basis gelegd voor het ontwikkelen 
van een volgende generatie ziektemodellen. Het werk uit dit proefschrift kan worden gebruikt 
om de pathobiologie van aortaklepziekte verder in kaart te brengen en om therapeutische 
doelen te identificeren. Verder vormt het de basis voor nieuwe modellen waarin meerder 
celtypes kunnen worden gebruikt en waarop dynamische testen kunnen worden uitgevoerd. 
Verder kan het medicijnafgiftesysteem mogelijk worden gebruikt om microRNA-therapeutica 
toe te dienen aan specifieke organen en weefsels, mits immuunreacties en veiligheid worden 
onderzocht, en kan het worden aangepast om andere soorten RNA toe te dienen. 
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