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ABSTRACT 

 
One of the current challenges in cardiovascular biology is the limited understanding of how 

and to which extent age-specific microenvironmental cues of the heart, regulate cardiac cells 

at different stages of cardiac differentiation, particularly the cues derived from extracellular 

matrix (ECM). Within this context, ECM 2D in vitro model systems such as hydrogel 

formulations have been applied towards understanding the biological relevance of the ECM 

biochemical composition of fetal and adult cardiac tissues. However, these strategies fail to 

contemplate 3D instructive features present in the structural arrangement of the ECM network 

in vivo. 

Under the framework of the present doctoral thesis, we established an unprecedented 

universal decellularization strategy which supported the isolation of fetal and adult, heart and 

lung ECM (non- cardiac ECM control) and subsequent identification of age- and tissue-specific 

ECM properties and the assessment of their biological relevance in a 3D in vivo-like setting. 

Specifically, we determined that the combination of a fibronectin-enriched loose meshwork and 

coiled bundles of fibers identified within the fetal heart ECM constitutes a microenvironment 

that supports cardiac cells in vitro. We observed that fetal decellularized hearts favored high 

repopulation yields across different cardiac cells, in direct comparison to the adult counterpart 

and/or fetal and adult lung ECM. Also, the fetal heart ECM stimulated distinct cell responses 

that were specific to the seeded cardiac cell type. The mouse adult cardiac progenitor cell line 

– (iCPCSca1) displayed a more mitogenic and cardiogenic-like profile when cultured on fetal 

heart ECM, when compared to adult. Nevertheless, no signs of progression in the cardiac 

differentiation program were observed. In contrast, culture of human induced pluripotent stem 

cell-derived cardiac progenitors (iPSC-CP) in heart ECM promoted the differentiation and 

transcriptional maturation toward ventricular-like cardiomyocytes (CM). Interestingly, iPSC-

derived CM on the fetal heart ECM demonstrated enhanced functional performance, as 

characterized by synchronous beating thought the ECM structure and calcium flux transients 

with higher amplitude, upstroke and downstroke maximum velocities. These findings indicate 

that the right combination of age-specific ECM and cardiac progenitors is required to maximally 

enhance cardiac cell function. 

Overall, the work developed under the scope of the doctoral thesis herein contributed to: (i) 

the establishment of a common decellularization methodology suitable for tissues from fetal 

and adult, heart and lung; (ii) the description of novel structural features of fetal and adult heart 

ECM; and (iii) the identification of the fetal heart ECM as a more favorable microenvironment 
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to support the differentiation and functional maturation of cardiac cells. Thus, these findings 

support the integration of fetal heart ECM features in the design of next-generation biomimetic 

materials for cardiac regenerative therapeutics.  
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RESUMO 

 
Um dos maiores desafios atuais na área da biologia cardiovascular é a reduzida compreensão 

de como o microambiente do coração ao longo do desenvolvimento e durante a vida adulta, 

em particular na matriz extracelular, regula o comportamento das células em diferentes 

estádios de diferenciação cardíaca. 

Neste contexto, sistemas de cultura in vitro de matriz extracelular (ECM) em 2D ou em 

formulações de hidrogéis têm sido utilizados para a dissecar as respostas biológicas às 

propriedades bioquímicas da ECM fetal e adulta do coração, menosprezando potenciais 

propriedade presentes no arranjo estrutural 3D da mesma. 

No âmbito desta tese de doutoramento desenvolvemos um método de descelularização 

paralela entre tecido fetal e adulto de coração e pulmão (controlo não cardíaco) que permitiu 

o estudo sistemático de propriedades especificas da ECM e a avaliação de qualidades 

biológicas relevantes em diferentes modelos de células cardíacas num contexto 3D 

mimetizando o ambiente in vivo. 

Os nossos resultados sugerem que a combinação de uma rede fibrilar enriquecida em 

fibronectina e fibras em formato espiral identificadas na matriz cardíaca fetal, resulta num 

microambiente mais eficiente para a cultura de diferentes tipos celulares cardíacos, em 

comparação com a matriz do coração adulto e/ou do pulmão fetal e adulto. Adicionalmente, a 

matriz do coração fetal estimula diferentes comportamentos celulares, dependendo da 

identidade das células utilizadas. Uma linha celular de progenitores cardíacos (iCPCSca1) 

gerada a partir do coração adulto de murganho, exibiu um perfil mais mitogénico e 

cardiogénico quando cultivado em matriz de coração fetal, quando comparada com a ECM 

adulta. No entanto não foram encontrados indícios de diferenciação destas células. Por outro 

lado, a cultura de progenitores cardíacos derivados de células estaminais pluripotentes 

induzidas humanas (iPSC-CP) em matriz de coração promoveu a diferenciação a nível 

transcricional de cardiomiócitos do tipo ventricular. Os cardiomiócitos diferenciados a partir 

das iPSC-CP na matriz do coração fetal evidenciou um melhor desempenho funcional, 

caracterizado por uma contração sincronizada da estrutura da matriz e por fluxos de cálcio de 

maior amplitude e velocidade máxima de subida e descida. 

Em resumo, o trabalho desenvolvido no âmbito desta tese de doutoramento contribuiu para: 

(i) o estabelecimento de uma metodologia de decelularização paralela de tecido fetal e adulto 

de tecido cardíaco e pulmonar; (ii) descrição de novas características estruturais da matriz do 

coração fetal e adulto; (iii) e identificação da matriz do coração fetal como um microambiente 
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mais favorável para diferente células cardíacas. Estas descobertas suportam que a integração 

das características identificadas na matriz do coração fetal poderá ser importante para o 

sucesso de novos materiais biomiméticos desenvolvidos para aplicação cardíaca. 
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1. The Regenerative boundaries of the Mammalian heart 

 

The mammalian heart is one of the less regenerative organs and for centuries, was considered 

a post-mitotic organ without self-renewal capacity. Nowadays, the mammalian heart is known 

to retain diminished cardiomyocyte (CM) turnover throughout life [1]. Upon an ischemic injury, 

the heart undergoes extensive CM loss and intense remodeling that involves the formation of 

non-functional fibrotic tissue resulting in progressive loss of myocardial function. The inability 

of the heart to form new myocardium after tissue loss and become functionally competent 

explains why cardiovascular diseases are the main cause of mortality and morbidity worldwide 

[2]. 

Recent findings demonstrated that the mammalian heart retain transient regenerative 

capabilities during fetal-neonatal life. 1-day old mouse heart upon apex resection (~11% left 

ventricle) is capable of a histofunctional restoration of the myocardium, although, at day 7 this 

regenerative capacity of the heart is lost and a fibrotic scar is formed, resembling adult heart 

reparative response [3]. The main mechanism activated during mammalian heart regeneration 

is the proliferation of pre-existing CM similarly to high regenerative organisms such as 

zebrafish and newts [3-7]. The evidence of a regenerative time-window during mammalian 

heart ontogeny (life) drove the cardiovascular field to look back into heart development and to 

better dissect the alterations observed in the cardiac tissue at cellular, functional and 

mechanistic level, in order to use this knowledge to extend the regenerative capability of the 

heart until later stages of life. Current knowledge is mainly based on changes observed at 

cardiac cell populations, especially, on CM. Nevertheless, a lack of knowledge is still observed 

regarding the modulatory properties of the extracellular microenvironment, namely, the 

extracellular matrix (ECM) [8]. ECM has been shown to have an important role during heart 

morphogenesis regulating diverse cellular processes. Nevertheless, how changes in heart 

ECM throughout ontogeny impact on cardiac cells phenotype and function on a three-

dimensional (3D) context, as well as, how the ECM-CM communication is correlated with the 

transient regenerative capability of the heart is not well understood. 
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2. The Cellular and Extracellular Compartment of the Heart 

 
The adult heart is a four chambered organ responsible for propelling the blood 

throughout the body to deliver nutrients and oxygen to the cells and clearance of toxic 

metabolites. The proper and uninterrupted function of the heart is essential to sustain 

life.  

The cardiac muscle is divided into three main regions, epicardium (outer layer), 

myocardium (middle layer) and endocardium (inner layer). Each region is composed 

of a cellular compartment and extracellular space that is specialized for each layer’s 

function. The myocardium constitutes the cardiac muscle per se and is composed of 

organized bundles of CM embedded in a collagen-rich ECM in close contact with 

fibroblasts. Endothelial and smooth muscle cells are mainly confined to vascular 

conduits. In addition, putative cardiac stem/progenitor cell and cardiac resident 

macrophages have been also identified at myocardium interstitium. Putative cardiac 

stem/progenitor cells were reported to constitute small cell clusters with low abundance 

at the adult myocardium [9], however, their specific function and contribution to the 

formation of new myocardial tissue is yet to be defined [10-13] (Figure 1).  

A clear comprehension of each cellular and extracellular component that constitutes 

the heart and its dynamics and communication in vivo is preponderant for the 

establishment of robust in vitro culture systems that mimic the heart tissue. 

 

2.1. Cellular Compartment  

In the context of the present thesis, we focused on CM, fibroblasts and putative cardiac 

stem/progenitor cell compartments. While holding important structural and regulatory 

roles, endothelial cells, smooth muscle cells and cardiac macrophages have not been 

specifically addressed in this work and thus will not gain further instigated. 

Nonetheless, the dynamics and function of these cell populations during heart 

development and response to injury can be reviewed in detail elsewhere [14-17]. 
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2.1.1. Cardiomyocytes 

CM are the functional unit of the myocardium promoting the synchronous contraction 

of the heart and consequently blood propelling throughout the organism. Despite 

representing only 30% of heart cells, CM constitute ~70-85% of the total volume of the 

human myocardium [18, 19]. 

During development, CM emerge as a result of two main processes, the differentiation 

of cardiac progenitor cells (early embryo development) and the proliferation of pre-

existing CM (later development). The first and second heart fields are the two cardiac 

progenitor cell populations that contribute to the formation of new CM during cardiac 

organogenesis [20]. The first heart field (FHF) forms the mouse heart tube at 

embryonic day (E) 8 and posteriorly contributes to the formation of the left ventricle 

(LV). At E8.5, second heart field (SHF) progenitors feed the heart tube with a second 

wave of CM that will contribute to the right ventricle (RV) and outflow track [21]. Studies 

in zebrafish have shown that after heart tube looping, the formation of new CM occurs 

Figure 1. Adult heart anatomy and cardiac tissue composition. The heart is a four chambered organ 
divided in right and left atrium (A) and ventricle (V) promoting the independent flow of non-oxygenated 
(right side of the heart) and oxygenated blood (left side of the heart). The cardiac tissue is divided in 
three key cells layers, the endocardium (inner layer), myocardium (middle layer, cardiac muscle) and 
epicardium (outer cell layer). Cardiac muscle is mainly composed by organized bundles of CM and 
fibroblasts, embedded on a complex network of molecules, the extracellular matrix (ECM). Endothelial 
and smooth muscle cells are confined to the vasculature. Rare clusters of putative cardiac progenitor 
cells (CPCs) are also found in the myocardium interstitium. 
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exclusively by proliferation and clonal expansion of pre-existing CM [20]. CM at the 

myocardium exhibit a gradient of proliferation that is higher near the epicardium and 

lower near the endocardium. The secretion of insulin-like growth factor 2 (IGF2) and 

fibroblast growth factor (FGF2) mitogens by epicardial cells have been shown to 

promote CM division and thus contribute to the development of the compact 

myocardium [22-24]. During fetal heart development, CM are small sized, polyhedral-

to-round shape cells with disorganized myofibrils and cytoplasm mainly occupied by a 

single nucleus [25]. In addition, these immature CM express vimentin and α-smooth 

muscle actin [26, 27].  

CM start to mature later in fetal development until adulthood in a progressive fashion 

[28]. During this process, CM become more elongated with sarcomeres aligned and 

CM-CM communication initiates at the intercalated discs, which represent the junctions 

between CM [25]. In the first week after birth, CM shift from a hyperplasic to a 

hypertrophic growth and become fully mature, which culminates with the transition from 

a regenerative to a reparative response (one week after birth) in an injury scenario 

(section 1) [3]. This occurs in consequence of the profound physiologic remodeling of 

the organ after birth which encompasses the CM transition to a hypertrophic growth. 

Blood oxygenation starts to take place at the lungs, rendering CM to a hyperoxic 

environment that subsequently leads to drastic metabolic changes [29, 30]. CM 

undertake a permanent shift from anaerobic glycolysis and lactate oxidation, the main 

energy production processes during development, to aerobic metabolism. Puente and 

colleagues precisely timed this metabolic switch in the mouse heart at end of the first 

week of life and identified reactive oxygen species (ROS), a by-product of 

mitochondrial respiration formed during adenosine triphosphate (ATP) synthesis, as 

an activator of deoxyribonucleic acid (DNA) damage response pathways, triggering 

CM withdrawal from the cell cycle [30]. In rodents, cell cycle withdrawal is characterized 

by DNA replication in the absence of cytokinesis, giving rise to binucleated CM [31]. 

Instead, human CM remain majorly mononucleated, although they replicate DNA 

content in the absence of karyokinesis, becoming polyploid [32]. This arrest in the cell 

cycle is accompanied by alterations in the CM structural proteins. Human CM 

maturation is characterized by an increase on beta myosin heavy chain (MYH7) over 
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alpha myosin heavy chain (MYH6), structural proteins isoforms switch, such as titin 

N2BA (longer form) to N2B and slow skeletal troponin I (ssTNI) to cardiac troponin I 

(cTNI), and the formation of specialized organelles, namely T-tubules and “diad 

structures of sarcoplasmic reticulum” at the sarcomeres Z-line [33]. The overall 

structural remodeling of CM during maturation is accompanied by alterations on 

electrophysiological properties, namely an increase in response to ß-adrenergic 

signaling and establishment of proper ion channels that regulate intracellular calcium 

dynamics and thus CM contraction, e.g. ryanodine receptor 2 (RyR2), sarcoplasmic/ 

endoplasmic reticulum Ca2+ ATPase (SERCA) and Na+/Ca2+ exchanger (NCX) [33]. 

As soon as CM maturation is completed myocardial growth is mainly achieved through 

an increase in CM volume (CM hypertrophy) since CM turnover occurs at residual 

levels and declines throughout life. Bergamann et al. predicted a replacement rate of 

human CM at ~1% at age 20 and 0.3% by age 75, based on the quantification of 

atmospheric 14C integration into genomic DNA [1].  

Thus, CM undergo active phenotypic and functional changes throughout embryonic 

development until first week of life for the proper establishment of a fully mature heart. 

 

2.1.1.1. Human Pluripotent Stem Cells derived Cardiomyocytes 

Establishment of adult CM culture is technically challenging and often produce variable results. 

In addition, these cells are non-proliferative and can only survive for a short period in culture, 

limiting their utility. As a result, most studies in vitro are based instead on primary cultures of 

neonatal murine or rat CM. However, CM-derived from these animal models display 

differences at the molecular, functional and phenotypical level, compared to human CM [34-

36]. Rodent CM display a high beating rate and a distinct transcriptional profile has been shown 

for some genes [35, 36]. While an increase in the ratio MYH6/ MYH7 from fetal to adult heart 

is observed in rodents, the opposite is found in human CM [35]. In addition, differential drug 

susceptibility has been also reported in rodents and human CM [34].  

Human embryonic stem cells (ESC) facilitated the progression of the field by providing 

unlimited source of CM through the development of effective cardiac differentiation protocols. 

However, the use of human ESC for research purposes raised ethical concerns, because each 

line generated required the destruction of human embryos. Other important aspect about the 

use of ESC is that the health status of the potential human being is unknown, limiting ESC 
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application in disease modeling. Nevertheless, pioneering work of Takahashi et al. allowed the 

reprogramming of somatic cells, namely fibroblasts, into a pluripotent state through the 

heterologous expression of Oct3/4, Sox2, Klf4, and c-Myc transcription factors [37, 38]. These 

cells demonstrate a pluripotent transcriptional profile, capability to generate teratomas post 

implantation in immune deficient mice and to differentiate into cells of the three germ layers 

(ectoderm, mesoderm, and endoderm). Human induced pluripotent stem cells (iPSC) were 

shown to be molecularly and functionally similar to human ESC [39]. In comparison to ESC, 

iPSC presents several advantages, such as: (i) the possibility of generating cell lines from 

patients with specific traits or diseases; (ii) the possibility of genome-editing; and (iii) the 

possibility of generating patient-specific cell-based therapies. As such, human iPSCs are a 

powerful tool to study mechanisms underlying human heart morphogenesis and disease 

development [40]. Human iPSC are differentiated into CM (iPSC-CM) mirroring the 

development cues present during embryonic cardiac development. This process is promoted 

by timed expression of morphogens or factors belonging to three major cell-signaling families, 

bone morphogenetic proteins (BMPs), the Wingless/INT proteins (WNTs) and the fibroblast 

growth factors (FGFs) [41]. Recent methodologies used small molecules that reproduce the 

bioactivity of these cardiogenic factors [42]. In contrast to the small molecules, growth factors 

present a short shelf life, high cost, lot-to-lot variability and little applicability on 3D 

differentiation methods, due to a low diffusion. Despite the high cardiac differentiation 

efficiency achieved, other cells (non-CM) are also generated during differentiation. Several 

strategies have been used to favor CM selection, such as lactate purification [43].  

Of note, iPSC- CM display a transcriptional landscape, phenotype and function of fetal-like 

CM. The immature nature of the iPSC-CM is indicated by their round-shaped morphology, non-

aligned sarcomeres, absence of t-tubules formation, spontaneous calcium transients, among 

other features [44, 45]. Kadota and colleagues demonstrated that the transplantation of iPSC-

derived CM to the adult heart myocardium promote further extension of the maturation 

phenotype of these cells [46]. Thus, improvement of iPSC-CM maturation has been tried by 

replicating in vitro features of the adult microenvironment. For example, iPSC-CM have been 

co-cultured with stromal cells (fibroblasts, endothelial cells) and submitted to electrical, 

chemical and mechanical stimulation [47-52]. The replication of structural and mechanical 

properties of the adult myocardium were demonstrated to favor CM maturation. The culture of 

iPSC-CM (fetal-like phenotype) on a micropatterned substrate resembling the physiological 

shape, alignment and stiffness of the adult heart showed to improve the development of 

morphological and functional features of fully mature CM, such as a rod-shaped morphology, 
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aligned myofibrils, high mechanical (contraction) and electrophysiological performance, 

mitochondria organization and the development of t-tubules commonly associated with mature 

CMs [53]. 

In addition, two-dimensional (2D) iPSC-CM long term cultures (80–120 days) and iPSC-CM 

3D microtissues under intensity training (two weeks of a progressive increase on electrical 

stimulation until 6Hz, plus one week at 2Hz) demonstrated considerable improvement on 

maturation [52, 54]. Particularly, CM at iPSC-CM 3D microtissues revealed to retain 

sarcomeres length and mitochondria density that resemble human myocardium, the 

development of T-tubules, oxidative metabolism and a positive force-frequency response [52].  

Although iPSC-CM are a useful resource to study human cardiac development, its application 

to study adult myocardium function, response to drugs and disease modeling needs to be 

optimized as maturation of these cells is still incomplete. Furthermore, despite the recognition 

that CM phenotype is regulated by a combination of intrinsic and extrinsic factors, the present 

knowledge on the role of the ECM on iPSC cardiac differentiation and maturation is still scarce.  

 

2.1.2. Fibroblasts 

Cardiac fibroblasts (cFB) comprise the most relevant stromal population at the heart, impacting 

CM phenotype throughout development by direct cell-cell communication and as major ECM 

producer and remodeling cell type [55, 56].  

cFB are a heterogeneous cell population whose phenotype changes according to the tissue of 

origin, age and health status [57-59]. Their heterogeneous nature has resulted in a lack of 

consensus in the field regarding cell surface markers to identify and study the dynamics of this 

cell type. cFB are generally recognized through morphological and functional features, namely, 

flat and elongated morphology, large nuclei, prominent nucleoli, extensive Golgi and 

endoplasmic reticulum, lack of basement membrane, ability to produce ECM and adhere to 

culture plates [60].  

Despite being the main ECM producing cells, cFB are only detected after the four chambers 

formation, at E12.5 in the mouse embryo [58]. Progenitors from three major sources, the 

epicardium, endocardium and neural crest cells, contribute to the emergence of the cFB during 

heart development, [61]. Depending on their progenitor origin, cFB are assigned to distinct 

regions of the myocardium and display distinctive functions. The epicardium contributes to 

~85% of adult cFB population [62]. Epicardium-derived cells invade the myocardium and 

differentiate into interstitial and adventitial cFB. Contrastingly, endocardium-derived cells 
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contribute to valve and interventricular septum cFB. Additionally, neural crest-derived cFB are 

located at the stroma of valve tissue and the right atrium.  

The emergence of myocardial cFB has been demonstrated to contribute for CM proliferation 

during late developmental stages. In fact, inactivation of signaling cues that prompt 

epicardium-derived cells to invade the compact myocardium leads to a reduction in CM 

proliferation and consequently to the formation of smaller hearts [63]. 

Morphometric, transcriptional and functional differences between fetal and adult cFB have 

been reported [58, 59]. Young cFB demonstrated smaller size, faster proliferation rate and high 

expression of ECM, such as fibronectin (FN), periostin (POSTN), heparin-binding EGF-like 

growth factor (HBEGF) and cell adhesion (vascular cell adhesion molecule 1, VCAM-1) related 

genes. Fetal cFB secrete ECM molecules, such as HBEGF and FN that favor 

cardiomyogenesis through the proliferation of pre-existent CM via β1 integrin signaling. On the 

other hand, adult cFB display higher surface area, lower proliferation rates and high expression 

of structural ECM genes, namely, elastin (ELN) and collagen I (COL1A) that support myocyte 

hypertrophy [58, 59]. Young and old cFBs can be identified by the high expression of SOX17 

and SOX4 or PLAG1 and STAT1 transcription factors, respectively [59].  

Additionally, cFB are readily activated in pathological situations. For example, upon an 

ischemic insult, cFB differentiate towards myofibroblasts, as a consequence of an increase of 

transforming growth factor ß1 (TGFß1), other cytokines and extracellular stress [57, 64]. 

Myofibroblasts are recruited to the injury site and demonstrate an important role in wound 

healing and fibrosis through the secretion of molecules, such as collagens, growth factors, 

cytokines and metalloproteinases (ECM degrading enzymes). The secretion of these 

molecules modulates the inflammatory response, prevents injury extension and ventricle wall 

disruption. In addition, taking advantage of activated cFB recruitment to the injury site and the 

recent advances on cell reprogramming strategies, studies have been performed to recover 

CM loss upon injury through direct reprogramming of preexisting cFB into functional CM. 

Indeed, Qian and colleagues demonstrated that local delivery of Gata4, Mef2c and Tbx5 (GMT) 

on ischemic adult mice heart leads to in vivo reprogramming of cFB into functional ventricular-

like CM followed with improvement on cardiac function and reduction in scar area [65]. 

Nevertheless, the mechanisms that regulate cFB/myofibroblast transformation from a 

regenerative (fetal) to a reparative (adult) phenotype and consequent dynamics on ECM 

production, assembly and degradation are not yet clarified. 
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2.1.3. Adult Resident Cardiac Progenitor Cells 

Adult resident cardiac progenitor cells (CPCs) constitute a rare/residual population of cells 

present in the adult myocardium with a proliferative phenotype and putative ability to 

differentiate into CM, smooth muscle cells and endothelial cells in vitro and in vivo. 

Nevertheless, the impact of CPCs on cardiac homeostasis and injury remains debatable.  

Reports on the existence of a stem cell-like cells in the adult heart followed works on the 

identification of stem cell populations in other organ systems and the observation of cardiac 

chimerism upon sex-mismatched transplantation [66, 67]. CPCs were initially identified by their 

capability to efflux Hoechst, low-to-absence expression of differentiation markers and 

sensitivity to verapamil. These cells have been reported to self-renew and express key cardiac 

transcription factors (e.g. Nkx2.5, Gata4, Mef2c) [67, 68].  

Distinct CPCs subsets were identified by the expression of stem-related surface markers, such 

as, c-Kit, Stem cell antigen-1 (Sca-1) and Islet-1 [9, 11-13, 69, 70].  

The origin of CPCs in the adult heart is not well understood, nevertheless, two main 

hypotheses have come forth: (i) CPCs are a result of the homing of circulating bone marrow 

stem cells into the myocardium. This hypothesis has been substantiated by the observation of 

common features between CPCs and bone marrow stem cells [71], and, alternatively, these 

cells are remnants of cardiac progenitors that contributed for cardiac development [10, 72, 73]. 

Several reports evidenced the contribution of CPCs for CM compartment through the 

differentiation into CM, but also by modulation of CM maturation [74-76]. Thus, the ability to 

isolate and expand CPCs in vitro from human adult hearts pushed forward their application as 

cell-based therapies. Two clinical trials were established by the administration of c-Kit-

expressing cells (SCIPIO) and cardiosphere-derived Sca-1+  cells (CADUCEUS) as a cell-

based therapy for the treatment of myocardium infarction [77, 78]. The readout of these clinical 

trials suggested a modest overall amelioration of the cardiac function and attenuation of tissue 

scarring. The beneficial effects of CPCs administration demonstrated mainly to relate with 

paracrine effects that contribute to better cell survival and neovascularization, and not with the 

formation of new CM [77, 78]. 

Despite the disappointing performance in vivo in what respects the formation of new cardiac 

tissue, CPCs constitute a relevant cardiac cell model due their pro-survival and pro-angiogenic 

paracrine profile and multipotent differentiation capabilities in vitro. Thus, CPCs cell lines were 

established envisaging the development of more robust in vitro model systems to investigate 

the function and properties of these cells, and how their proliferative and cardiac differentiation 

properties can be modulated in an injury scenario [70]. 
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2.2. Extracellular microenvironment 

ECM constitutes a complex network of molecules within the extracellular space that has both 

signaling and structural functions. In the heart, the most common ECM molecules are 

collagens (collagen I, III, IV), non-collagenous glycoproteins (fibronectin, laminin), 

proteoglycans, glucosaminoglycans (GAGs) and elastins. In addition, ECM function as a 

reservoir of anchored growth factors, cytokines, chemokines, proteases (e.g. MMPs) and 

proteases inhibitors (tissue inhibitors of metalloproteinases, TIMPs).  

ECM is organized in two main regions, the basement membrane/pericellular matrix and 

interstitial matrix. Basement membrane/pericellular matrix constitutes a tissue specialized 

network of ECM molecules that involve each cell which promotes cell polarity and modulate 

cellular function (e.g. differentiation and migration) via cell surface receptors, such as integrins 

through an outside-in signaling (for more details please see Section 4) [79-81]. This ECM 

compartment is mainly composed by FN, collagen IV, laminin, procollagens, hyaluronic acid 

(HA) and proteoglycans [82, 83]. The interstitial ECM constitutes a network largely constituted 

by structural ECM molecules, such as collagen I and III. 

Studies suggest that the cell-modulatory nature of the extracellular microenvironment results 

from a continuous remodeling of ECM composition and structural rearrangement, but also by 

the formation of active peptides, known as matrikines, via enzymatic degradation [84]. ECM 

remodeling occur in waves, as a consequence of a tight control between synthesis and 

degradation, and generate active extracellular niches that regulate different cellular responses, 

namely, proliferation, migration, cell-fate decisions and even cell death.  

cFB are majorly responsible for ECM production and remodeling under homeostatic and 

pathological conditions. However, other cells also contribute to the synthesis of ECM, 

particularly to the basement membrane, such as endothelial cells, smooth muscle cells and 

CM [80, 85-87]. In an injury setting, myofibroblasts and immune cells, such as macrophages, 

also play a fundamental role in ECM remodeling [88]. Macrophages, namely M2 macrophages 

(which possess reparative properties) invade the injured myocardium to resolve inflammation 

and promote tissue repair. Beyond the production of signaling molecules that affect the 

surrounding cells, M2 macrophages secrete FN and collagen, ECM remodeling molecules 

(MMPs, serine proteases) and facilitate the release of ECM-anchored growth factors, which 

regulate angiogenesis and promote scar formation [89, 90]. Although cFB emerge only at 

E12.5 during cardiac development, ECM participates in heart morphogenesis as early as 
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during the heart tube formation (E8.0), suggesting that other cells at the initial stages of heart 

development contribute to ECM assembly and rearrangement [91].  

The biological relevance of the extracellular microenvironment started to become clear upon 

observation that mutations in ECM-coding genes elicit embryo malformations, disease 

development and, at worst, death [92]. Even though ECM is well conversed across species, 

its dynamics throughout age, morphogenesis, disease and injury is in part distinct between 

species [93]. Nevertheless, cross species in vitro culture system of ECM and CM showed to 

recapitulate relevant physiological cell responses exhibited in vivo in both species individually 

[94, 95]. 

At the heart, ECM has been proposed to function as a bioactive scaffold in close contact with 

CM and all cardiac cells thereby orchestrating morphogenic events and promoting tissue 

homeostasis (Section 3). However, the mechanisms that drive the feedback communication 

between ECM remodeling and consequent cell response modulation are not well elucidated 

due their complex nature. Thus, establishment of ex vivo model systems replicating the native 

myocardium is central to further address fundamental mechanistic questions. 

 

2.2.1. Decellularization as a Methodology to Deconstruct ECM Composition, 

Structure and Bioactivity 

The current knowledge on the relevance of cell-ECM crosstalk in the heart is derived from 

different approaches, mainly from single 2D immunostaining analysis and the analysis of 

pathophysiological resulting of mutations in ECM-related genes or perturbations in related 

signaling pathways.  

The development of decellularization methods opened new avenues to a more detailed 

assessment of tissue-derived ECM and of in vitro ECM-cells interaction. Decellularization also 

facilitated proteomic analysis (e.g. mass spectrometry) of the extracellular contents by 

providing ECM protein enrichment as a result of the cellular content removal (cellular “noise”) 

[96-98]. 

Decellularization is a methodology primarily developed to isolate tissue ECM by the removal 

of cells and their associated material. Cell removal is achieved via the combination of chemical 

(buffers, detergents), enzymatic (trypsin, DNase) and physical (agitation, sonication) agents 

complemented with delivery techniques (perfusion, immersion and agitation) while respecting 

tissue-specific properties, namely, thickness and cell density [99-103] (Table 1 and Figure 2).  
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Figure 2. Tissue 
decellularization by 
combined application of 
physical, enzymatic and 
chemical approaches. 
Decellularization is a 
procedure that allows 
isolation of tissue-derived 
ECM through the removal 
of cellular components. Cell 
removal is achieved by 
application of enzymes and 
chemicals, such as 
detergents (e.g. SDS, 
Triton X-100) under 
dynamic conditions (e.g. 
mechanical agitation, 
perfusion). The isolated 

ECM should retain the composition and architectural arrangement of the native tissue. 
 
 
The main goal of decellularization is to achieve an equilibrium between the clearance of cellular 

material and the preservation of ECM.  

Decellularization can be also applied on ex vivo cell culture models including cell monolayers 

and aggregates [101, 104]. The establishment of these models facilitate manipulation of ECM-

related genes to interrogate the bioactive function of specific ECM molecules on cells function 

and phenotype [94, 98, 102, 105]. Nevertheless, these in vitro systems lack the complexity of 

native tissue ECM. To better understand the impact of ECM dynamics on age, disease and 

injury, comparative studies on tissue-derived ECM are of major relevance. 

Decellularized tissues were readily translated into the clinic as surgical scaffolds since ECM 

molecules are highly preserved across species, permitting the application of allogenic and 

xenogenic tissue-derived ECM. These applications demonstrated low immunogenicity while 

promoting specific cell functions [103, 106-108]. Nevertheless, tissue-derived ECM holds 

limitations related both to batch-to-batch variability and to contaminants remaining after 

ineffective cell removal.  

Decellularization methodologies have evolved throughout the years towards whole organ 

decellularization by improvements such as the delivery of decellularization agents through the 

vasculature (perfusion). This approach has two main advantages: first, it promotes more 

effective decellularization through the delivery of decellularization agents and the clearance of 

cellular remnants in situ, and second, it preserves better the whole organ ECM natural 
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architecture, by capturing its chemical and structural complexity [100, 102]. However, the 

decellularization of tissue explants is also of major relevance, because it allows the isolation 

of ECM from organs that cannot be easily cannulated, such as those with small size and fragile 

nature (fetal tissues), and from patient tissue biopsies [94, 98, 105]. Not only different protocols 

have been established for particular tissues, but also, several decellularization methodologies 

started to be reported for the same tissue [102, 109, 110]. Consequently, the interpretation of 

data across laboratories and tissues can be challenging in the absence of standardized 

approaches, because decellularization agent concentration, time of exposure and delivery 

route affect the dynamics of cells clearance and ECM preservation. Sodium dodecyl sulfate 

(SDS) is the most common detergent used for cardiac tissue decellularization. The SDS 

concentration impact greatly on the preservation and integrity of the ECM. High SDS 

concentrations and time of exposure induce proteins denaturation, collagen fibrils disruption 

and removal of GAGs [103, 107]. In contrast, low SDS concentrations have been demonstrated 

to preserved important ECM features, such as the coil structures identified on fetal mouse 

heart ECM [98]. Thus, the ECM resultant from the application of different decellularization 

approaches can induce misleading interpretations of their chemical and structural 

characterization, but also, their cellular modulatory role [111, 112]. Consequently, the 

development of decellularization approaches capable of being applied on distinct tissues or 

the same tissue but on different ontogenic stages (young and adult tissues) or health status 

are of major importance [98, 105, 110, 113]. Thus, the uses of a universal decellularization is 

a powerful approach to perform comparative analysis in vitro regarding ECM composition and 

functional alterations across tissue age and disease status. This approach mitigates 

differences that may arise from the application of distinct decellularization protocols. 
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 Table 1. Chemical, biological, physical and miscellaneous agents for tissue decellularization. 
Adapted from [103] 
 

 
 
  

Agent Technique Mode of action Effect on ECM 

C
he

m
ic

al
 A

ge
nt

s 

 
Acids and bases 

 
Acids: Solubilizes cytoplasmic 
components of cells. 
Bases: Disrupts nucleic acids. 

 
May damage collagen, GAG, and growth 
factors 

Hypotonic and hypertonic 
solutions 

Cell lysis by osmotic shock, 
disrupt DNA-protein interactions 

Effectively lyses cells, but does not 
effectively remove cellular residues. 

Non-ionic detergents 
(e.g. Triton X-100) 

Disrupt DNA-protein interactions, disrupt 
lipid-lipid and lipid-protein interactions and 
to a lesser degree protein-protein 
interactions. 

Some disruption of ECM ultrastructure and 
removal of GAG, less effective than SDS. 

Ionic detergents 
(e.g. SDS) 

Solubilize cell and nucleic membranes. Tends to disrupt ultrastructure, removes 
GAG and growth factors and damages 
collagen. 

Solvents 
(Alcohols and acetone) 

Cell lysis by dehydration, 
solubilize and remove lipids. 

Crosslinks and precipitates proteins, 
including collagen. 

B
io

lo
gi

ca
l A

ge
nt

s 

 
Enzymes 
 

 
Nucleases: Catalyze the hydrolysis of 
ribonucleotide and deoxyribonucleotide 
chains. 
Trypsin: Cleaves peptide bonds on the C-
side of Arg and Lys. 

 
Nucleases: Difficult to remove from the 
tissue, could invoke an immune response. 
Trypsin: Can disrupt ECM ultrastructure, 
removes ECM constituents. 

Non-enzymatic (Chelating 
Agents, e.g. EDTA, 
EGTA) 

Chelating agents bind metallic ions, 
thereby disrupting cell adhesion to ECM. 

Ineffective when used alone. 

P
hy

si
ca

l a
nd

 M
is

ce
lla

ne
ou

s 
A

ge
nt

 

 
Temperature 

 
Intracellular ice crystal disrupts cell 
membrane. 

 
Ice crystal formation can disrupt or fracture 
ECM. 

Direct application of force Removal of tissue eliminates cells and 
force can burst remaining cells. 

Force can directly damage ECM. 

Pressure  Pressure can burst cells and aid in 
removal of cellular material. 

Pressure can disrupt ECM. 

Electroporation 
 
 

Pulsed electrical fields disrupt 
cell membranes. 
 

Electrical field oscillation can disrupt ECM. 
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3.  The Role of Extracellular Matrix in Cardiac Ontogeny 

 

The mechanisms underlying heart morphogenesis, maturation and disease result from cell 

intrinsic factors related to the cellular transcriptional landscape, but also extrinsic cues from 

the extracellular microenvironment. A clear comprehension of the features that composes the 

ECM network, of its dynamics and cell modulatory properties would be fundamental not only 

for the establishment of in vitro cultures systems that recapitulate in vivo-like 

microenvironments, but also for the development of more effective heart therapies.  

 

3.1. Embryonic and fetal heart 

ECM have been described to plays an important role during heart embryogenesis by promoting 

a tight spatiotemporal regulation of cellular processes, such as progenitor’s cells migration and 

differentiation. 

At E7.5 myocardial precursors, also known as the heart fields (section 2.1.1), migrate to the 

midline of the embryo forming the heart tube (Figure 3, Cardiac Crescent). The migration of 

these precursors is orchestrated by a primitive heart ECM derived from endoderm, mainly 

composed by chondroitin sulfate, collagen I, IV, laminin, fibulin, fibrilin and FN [114, 115]. 

Among these molecules, FN is a master regulator of myocardial precursors migration towards 

the embryo midline by temporal modulation of cells adhesion and polarity. Consequently, FN 

mutation leads to aberrant formation of the heart such as cardia bifida, resulting in embryonic 

lethality [116-118]. 

At E8.0, the heart has a tubular shape and is composed of two single-cell monolayers - the 

myocardium (outer layer) and the endocardium (inner layer) - separated by an amorphous 

matrix denominated cardiac jelly (Figure 3, Heart Tube). Cardiac jelly consists of a network of 

ECM molecules enriched in HA, collagen I, III, IV, laminin, FN, fibrilin, perlecan, fibulin-1 and 

thrombospondin [114]. The heart expands by the contribution of SHF cells and undergoes a 

series of looping events at E8.5 (Figure 3, Looping Heart). The mechanisms behind heart 

looping are not completely understood. HA is one of the most abundant ECM molecules within 

the cardiac jelly, and although the removal of HA by enzymatic degradation does not affect 

heart looping progression, the absence of HA leads to extensive alterations in heart tissue 

hemodynamics [119]. 
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ECM has a determinant function on the morphogenesis of specific heart substructures as valve 

formation and atrial and ventricular septation. Atrioventricular and outflow tract cushions are 

formed by the differentiation of the local endocardium at E9.5. These cells undergo an  

Figure 3. Overview of mouse heart development, maturation and aging. Heart is the first 
functional organ to be formed at the embryo. FN from primitive ECM paves the way for cardiac 
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 endocardial-to-mesenchymal (EndMT) transition and consequently start to invade the cardiac 

jelly deposits in these regions (Figure 3, Looping Heart). The cardiac cushion ECM is enriched 

in HA and proteoglycans (versican V0 and V1, perlecan, glypicans) which confers these 

regions the consistency of a hydrated gel [115, 119]. Other ECM components are also 

identified on these acellular structures such as FN, collagens, laminin, nephronectin, tenascin, 

vitronectin, fibulin-1, -2, fibrillin and enzymes (chondroitin-6-O- sulfotransferase-1, -14) [120]. 

The content of HA within cardiac cushions has been shown to be crucial for the correct valve 

formation. Both the impairment or overproduction of HA results in valve malformation and 

consequently the development of congenital defects [119]. Additionally, ECM components 

have been demonstrated to be transiently expressed at the heart, such as nephronectin. 

Nephronectin has been demonstrated to regulate HA synthesis at cardiac cushions via Bmp4-

Has2 signaling and impacts myocardium compaction [120].  

The morphogenesis of the heart is a process not only dependent on ECM molecule synthesis, 

but also on a spatial and temporal regulation of their degradation. Atrioventricular cushion 

formation, myocardial trabeculation and outflow tract remodeling start around E9.5 and these 

processes are highly tuned by several proteases, particularly, a disintegrin and 

metalloproteiase with thrombospondin repeats (ADAMTS). ADAMTS1 and 9 are master 

regulators of myocardial trabeculation and compaction by versican degradation within the 

cardiac jelly. High expression of ADAMTS1 in the ventricular endocardium has been indicated 

to establish the end of cardiac tissue trabeculation [115, 121]. ADAMTS9 has been suggested 

to impact myocardial compaction since the observation that ADAMTS9 haploinsufficient mice 

progenitor cells (Cardiac crescent) migration to the embryo midline. Upon fusion, cardiac progenitor 
cells form the heart tube. The heart tube is constituted by two-single monolayer of cells the myocardium 
(outer layer) and endocardium (inner layer) separated by a morphogens-enriched ECM, denominated 
as cardiac jelly. The heart starts looping towards the formation of a four-chambered organ. In parallel, 
endocardial cells invade the cardiac cushion, being cardiac cushion defined by an extensive 
accumulation of cardiac jelly at primate valve structures. Cardiac jelly invading cells go through 
endocardial-to-mesenchymal transition (EndoMT) forming valve tissue cells. The heart evolves and the 
complexity of the myocardium increases through CM proliferation at the compact layer and CM 
maturation at the trabeculae. Compaction and trabeculation are regulated by the point expression of 
nephronectin and by the enzymatic degradation of the versican promoted by ADAMTS (Fetal heart). 
After birth, the heart undergoes extensive remodeling, namely at the ECM, characterized by a decrease 
of hyaluronic acid, fibronectin and proteoglycans. CM grow by hypertrophy, a process characterized by 
an increase in cell size, rode-shaped morphology and residual almost absent proliferation (Postnatal-
adult heart). Aging leads to functional impairment by the loss of CM and formation of fibrosis (Aged 
heart). Blue box, key ECM elements that regulates specific morphological events at the heart. 
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develop abnormal projections and a “spongy” ventricular wall, resembling human hearts with 

left ventricular non-compaction congenital cardiomyopathy [115, 122, 123].  

The ECM composition during fetal heart development has been demonstrated to regulate 

cardiomyocytes proliferation. Ieda et al. demonstrated that ECM secreted by embryonic cFB 

at E12.5 favors CM proliferation more than adult ECM. The morphogenic ECM molecules 

secreted by embryonic cFB (FN, tenascin C, hyaluronan and proteoglycan link protein 1) have 

been shown to promote different cellular responses. Thus, while FN favored CM proliferation 

via ß1-integrin signaling but hyaluronan enhanced cell adhesion in an integrin-independent 

manner [58]. Similar observations were reported by William et al. by culturing CM on tissue 

culture plates coated with fetal (E18-19) heart tissue-derived ECM [94].  

Despite the fact that the ECM qualitatively remains the same until birth, alterations of ECM 

molecules abundance and arrangement within the myocardium are observed. Laminin 

networks evolve from a punctated patch-like deposition (fetal heart) to a contiguous layer 

surrounding the CM (adult heart) [124]. Other ECM components such as periostin and collagen 

XVIII detected in early heart development in the atrioventricular and outflow tract cushions and 

throughout ventricular wall, later become confined to specific areas, such as the valves [115]. 

 

3.2. Postnatal heart 

After birth, the heart undergoes drastic alterations at the cellular and extracellular level. The 

ECM suffers extensive remodeling, involving a decline in expression of morphogenic ECM 

molecules like FN, HA and proteoglycans, agrin along with a concomitant increase of structural 

molecules, such as collagen I, III and laminin [58, 94, 125]. 

Recent studies point to the dystrophin complex protein agrin as an important regulator of CM 

division during the transient regenerative period on neonatal mammalian heart. The 

intramyocardial administration of postnatal day 1 (P1), but not P7 heart ECM on juvenile MI 

mice heart, demonstrated to promote CM proliferation at the healthy myocardium adjacent to 

the injury site and significantly reduced scar formation was observed 4-5 weeks post-injury. In 

an in vitro setting, agrin was shown not only to promote proliferation, but also to delay 

maturation of iPSC-CM [8]. 

In addition, in neonatal hearts ECM confines each CM individually resembling a honeycomb-

like organization (Figure 3) [87, 126]. Thus, the chemical and structural architecture of the 

cardiac extracellular space established after birth contributes to the hypertrophic growth of the 

myocardium until adulthood [95]. The contribution of ECM to the hypertrophic phenotype of 

CM has been dissected using in vitro culture systems that mimic the adult heart. Neonatal CM 
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and iPSC-CM cultured on adult heart-derived ECM coated surfaces and hydrogels, 

respectively, mimicking the chemical composition of the mature heart, were demonstrated to 

endorse a lower proliferation index and more mature calcium handling properties [94, 95].  

Overall, morphogens-deprived ECM established after birth contributes for CM maturation and 

growth (healthy hypertrophy) and consequent, heart high mechanical performance. 

 

Changes within the ECM can also become pathological. Aging leads to an imbalance within 

the cardiac tissue characterized by a decrease in the number of CM and subsequent induction 

of pathological hypertrophy of the remaining ones [127].  

Cellular aging is characterized by an accumulation of defective molecules and organelles at 

the cytoplasm, and decline of reparative mechanisms. Thus, with age CMs accumulates 

dysfunctional mitochondria, oxidized proteins such as advanced glycation end products (AGE) 

and accumulation of lipofuscin particles, denoted as “cellular garbage” [128, 129].  

Heterochronic parabiosis studies suggest the participation of extracellular microenvironment 

on CM aging by demonstrating that circulating factors in the blood impact age-related CM 

hypertrophy [130]. To compensate the CM loss, myocardial microenvironment increases the 

ECM content, particularly collagen I, promoting tissue fibrosis (Figure 3) [127, 131-133]. 

Fibrosis has a detrimental effect on myocardial function by interfering with CM-CM electrical 

coupling, especially interstitial fibrosis. The latter, is characterized by high accumulation of 

collagen which separates CM expediting the emergence of arrhythmogenic events and in worst 

cases, sudden cardiac death [134, 135]. 

 

 

Throughout heart development, ECM composition and structure change from a high hydrated 

gel enriched in morphogenic molecules to a structurally defined network of molecules enriched 

in collagen and poor in morphogens. The alterations observed at the ECM level are 

accompanied by phenotypic and functional changes in the cellular compartment. However, the 

fundamental processes involved on ECM-cell communication and consequent dynamic 

crosstalk phenomenon are still poorly understood.  
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4.  Cell-ECM Communication and Signal Transduction  

 

Cell-ECM communication is a bidirectional process mediated by several transmembrane cell 

surface molecules, such as, CD44, integrins, among others [81]. In summary, ECM molecules 

and mechanical cues trigger the activation of signaling pathways that promote alterations in 

gene expression, which consequently feedback through the modulation of cell surface 

proteins, cell function and ECM remodeling.  

 

Integrins are the major players on cell-ECM interactions and consist in large family of 

transmembrane receptors composed by alpha (18 subunits) and beta (8 subunits) subunit 

heterodymers. The different subunits and splice variants form a variety of integrin receptors 

with ligand specificity (Table 2) [136]. In addition, integrins can display several conformations 

(bent, extended and extended with open conformation) (Figure 4). These conformational 

changes modulate of integrin function by the regulation of integrin-ECM affinity [137].  

Integrin receptors are characterized by a large extracellular domain and a small cytoplasmic 

fraction that interacts directly or indirectly with different molecules, such as, focal adhesion 

kinases and with actin filaments (cytoskeleton). Upon activation, integrins can trigger several 

signaling cascades impacting several cellular processes, such as, proliferation, apoptosis, 

migration and differentiation. In CM in particular, Akt, c-Jun N-terminal kinase (JNK), 

extracellular signal–regulated kinase (ERK), p38 or nuclear factor κ–light chain enhancer of 

activated B cells (NFκB) signaling pathways have been shown to impact on CM hypertrophy, 

cell survival or even death (Figure 4) [138-142]. ECM-integrin-cytoskeleton linkage has been 

pointed as a candidate for mechanotransduction signaling. Integrins and actin filaments have 

been demonstrated to interact directly or indirectly through protein adaptors, such as, vinculin, 

talin and a-actinin [143]. Integrins sensing high external forces, reinforce their interaction with 

cytoskeleton. An increase on integrins-cytoskeleton interaction leads to stress fibers formation 

and consequently increase in intracellular stiffness. Nevertheless, the mechanisms that link 

integrin signaling with the well-recognized mechanotransduction pathways, such as, YAP/TAZ, 

further detailed bellow, are not completely understood. The possibility of a direct correlation 

between integrin and YAP/TAZ signaling started to be depicted recently [144-146].  

In the context of the heart, CM express α1, α3, α5, α7, α9, α10, β3, and β5 integrin subunits 

and β1A and β1D splice variants. The expression of these isoforms is tightly regulated during 

heart development, modulating CM-ECM communication [136, 147] (Table 2). ECM 

composition also impact on integrin heterodimers displayed at the cellular surface. During   
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Figure 4. CM sensing 
intracellular and 
extracellular stimuli and 
signaling transduction. 
Integrins undergo 
conformation changes 
favoring specific interaction 
with ECM ligands. Integrin-
ECM interaction activates 
several signaling pathways 
that promotes and gene 
transcription regulating CM 
hypertrophy, cell survival and 
death. Mechanical stimuli are 
perceived by CM through 
YAP/TAZ signaling, 
promoting YAP/TAZ 

translocation to the nuclei and interaction with TEAD transcription factors, activating cell cycle related 
genes. 
 
 
postnatal life, a shift of integrin heterodimers is observed on CM, along with dramatic 

alterations observed at the ECM. Hornberger and colleagues demonstrated that after birth 

α1β1 (collagen IV) and α5β1 (FN) integrin heterodimers, with a fundamental role in human 

fetal ventricular CM proliferation, are less expressed in CM during adulthood [148]. The 

relevance of β1 integrin on CM proliferation was additionally supported by Ieda et al. using an 

in vitro co-culture system of CM with embryonic cFB [58]. β1 splice variants are also temporally 

regulated during heart ontogeny. Pham and colleagues observed that β1D splice variant with 

affinity to laminin start to be expressed on CM soon after birth, which has been suggested to 

promote an increase in CM size and expression of hypertrophic-related genes [149].  

Thus, these studies support that CM respond to the ECM changes by remodeling their integrin 

heterodimers at the cellular membrane in order to reestablish proper CM-ECM communication 

and consequent regulation of fundamental processes involved on cardiac tissue 

morphogenesis and maturation.  

 

The modulation of CM phenotype is also regulated by mechanical cues. The perception of 

extrinsic and/or intrinsic mechanical stimuli and its conversion into biochemical signals that 

regulates gene transcription are denominated as mechanotransduction pathways.  

Yes-associated protein (YAP) is a downstream effector of the Hippo pathway, a well conserved 

mechanotransduction pathway on mammals with an important role during embryo  
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Table 2. Integrin subunits present on cardiomyocytes throughout development and their ECM ligands. 
Adapted from [136]. 
 

Subunit Primary ligand(s) Embryo Neonate Adult Hypertrophy 

α1 Laminin, Collagen + + - increase 
α3B Laminin, Collagen, + +++ ++ = 
α5 Fibronectin + + - increase 

α6A Laminin + + + - 
α6B* Laminin + ++ + - 
α7B Laminin Late + + + increase 
α7C* Laminin - + ++ ? 
α7D Laminin - - + ? 
α10 Collagen + ? + ? 
α11 Collagen ? ? ++ ? 
β1A Laminin, Collagen, Fibronectin Early ++ + + - 
β1D Laminin Late ++ ++ ++ increase 

β3 Vitronectin, Fibronectin, 
Ostepontin ? ? + increase 

β5 Vitronectin ? ? + ? 
 
Late=late period of gestation; Early=early stage of gestation; +, low/basal expression; −, no 
expression; ++, moderately high expression; +++, highly expressed; =, no change; ?, undetermined, *, 
by polymerase chain reaction only. 
 
 
 development in the regulation of proper organ size. Briefly, upon Hippo signaling activation, 

the adaptor protein salvador (SAV1) binds to serine/threonine kinase 4/3 (MST1/2). MST1/2 

phosphorylates several molecules, including SAV1 and the large tumor suppressor kinase 1/2 

(LATS1/2). Phosphorylated LATS1/2 inactivates YAP, which promotes YAP sequestration at 

cytoplasm and degradation, respectively. The intensity and duration of Hippo signaling 

activation can favor one process of YAP inactivation over the other (Figure 4) [150]. The 

mechanics that translates extracellular cues into hippo kinase activation is still not well 

elucidated. 

Unphosphorylated YAP (active form) interact with the transcriptional coactivator WWTR1 

(TAZ), forming YAP/TAZ complex, which is translocated to the nucleus and regulate gene 

transcription. YAP/TAZ complex interact indirectly with the DNA via two classes transcription 

factors, containing proline-proline-X–tyrosine domain (e.g. RUNX, ERBB4) and the TEA 

domain family members (TEAD).  

YAP function is modulated by several upstream signaling pathways, besides the canonical 

Hippo signaling, such as, YES/SRC tyrosine kinase pathway, the Wnt/β-catenin pathway, and 

the JNK pathway [151].  

At the heart, YAP/TAZ have been mainly implicated on embryonic heart development, 

postnatal growth and in response to injury by promoting CM proliferation through the activation 
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of cell cycle-related genes, such as Ccna2, Ccnb1, Cdc2, Aurka, Aurkb, and Cdc25b [152-

155]. In addition, the decline of CM proliferation observed post-birth seems to correlate with a 

reduction in YAP expression and increase of YAP phosphorylation (inactivation) observed with 

aging [152].  

Recent findings demonstrated that YAP/TAZ complex also regulates phenotype and function 

of other cardiac cell besides CM. YAP signaling promote epicardial cells proliferation and 

subsequent differentiation in coronary endothelial cells, as well as, has been associated with 

adult Sca-1+ cardiac progenitor cells mechano-sensing and differentiation [154, 155]. 

Mosqueira et al. demonstrated that YAP/TAZ silencing induce the downregulation of cardiac 

genes over endothelial-related genes driving adult CPCs fate towards endothelial cells 

differentiation [154]. 

The transduction of mechanical changes observed on intracellular (formation of stress fibers) 

and extracellular space (ECM stiffness) are important regulators of CM behavior. 

Nevertheless, a clear link and/or coordination between YAP/TAZ and integrin signaling 

pathway on cardiac cells behavior are not yet well elucidated. 
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In summary, it is by now consensual that the regulation of heart formation, homeostasis and 

response to injury derives from intricate interaction between CM and the extracellular 

microenvironment. The perturbation of this interaction trough the misbalance of expression of 

ECM and ECM-related molecules leads to congenital malformations and disease 

development. Although, in vitro studies have started to dissect the relevance of the 

microenvironment features, namely, the chemical composition of the ECM on cardiac cells 

behavior, and particularly on CM, the complexity of ECM 3D network dynamics with age and 

its correlation with cardiac cells response, namely, differentiation and maturation remain 

largely elusive/unaddressed. 
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Context and Aims of the Thesis 

 
Cardiac tissue is composed by a cellular compartment, which mainly includes cardiomyocytes, 

a large number of vascular endothelial cells and fibroblasts, and at the extracellular space, by 

extracellular matrix (ECM). The proper communication between ECM and cardiac cells is 

fundamental for proper heart formation, maturation and response to injury. 

The cell modulatory nature of the cardiac ECM varies accordingly to chemical and structural 

ECM changes along ontogeny, which impact on cells via integrins and mechanotransduction 

signaling. Most insights on the influence of the extracellular microenvironment on cardiac cells 

results from the emergence of pathophysiological phenotypes as a consequence of mutations 

on ECM-related genes. Nevertheless, these in vivo studies present limitations both because 

mutations on ECM related genes are often embryonic lethal and the ability to isolate the impact 

of ECM on a specific cell type at a development stage is poor. Thus, the recreation ex vivo of 

systems that replicate the myocardium on distinct stages of heart development is imperative 

to dissect the impact of ECM on cardiac cells at the mechanistic level. Decellularization 

methodologies, which have advanced greatly in the past years, allow the isolation of tissue-

specific ECM with preserved chemical and structural features. Decellularized ECM facilitated 

the characterization of the physicochemical properties of the native tissues ECM and have 

been proven to constitute robust in vitro models to study cell-ECM interactions. 

 

The long-term goal of this work was to determine the changes on ECM along heart ontogeny 

and unveil how these alterations influence cardiac cells. In line with this, the main objective 

of this thesis was to evaluate the impact of fetal and adult cardiac ECM on different cardiac 

cells phenotype and function. Our main hypothesis was that the dissection of ECM properties 

and associated cellular modulatory mechanisms with age will give insights in how to reactivate 

relevant physiological properties of the embryonic heart in an adult injury scenario in order to 

induce better heart recovery in pathological situations. 

 

The rationale of this thesis was to evaluate how cardiac ECM regulates cell behavior along 

ontogeny through the generation of stage-specific decellularized ECM and subsequent 

repopulation with relevant cardiac cell models.  

 

The specific aims of the present doctoral Thesis were: 
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§ To develop a methodology which allows comparable decellularization of multiple 

tissues from different sources and species (Chapter III). 

 

§ To disclose biochemical, mechanical and structural properties of fetal and adult 

decellularized heart and lung (elected non-cardiac tissue control) (Chapter III, IV, V). 

 

§ To determine the impact of fetal and adult decellularized tissue on neonatal CM and 

adult Sca-1+ cardiac progenitor cell phenotype and function (Chapter IV). 

 

§ To evaluate the impact of tissue- and age-specific ECM on human iPSC cardiac 

differentiation and maturation (Chapter V). 

 



 

 

 

§  

 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER III 
 

Comparable decellularization of fetal and adult cardiac and lung tissue 

explants as 3D-like platforms for in vitro studies 
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Tissue decellularization is methodology that envisage removal of all the cellular content while 

retaining the in vivo-like features of the extracellular microenvironment, such as chemical 

composition, structure and mechanics. The isolation of this major component of the tissue 

microenvironment, i.e. extracellular matrix (ECM), occurs through exposure of the tissue to a 

cocktail of detergents and enzymes under dynamic conditions that promote cell membrane 

solubilization, clearance of cytoplasmic proteins and cellular debris and removal of nuclear 

material.  

In the context of the heart, several protocols have been established mainly targeted to the adult 

tissue decellularization, with only a few reports describing fetal application. Nevertheless, the 

current methodologies to decellularized fetal and adult heart are distinct and consequently 

comparative analysis of the heart ECM can be challenging due to the possibility of misleading 

observations because of the different protocol applied which may not translate inherent nature 

properties. Thus, envisaging a comparative analysis among fetal and adult heart ECM, and a 

non-cardiac relevant tissue (non-cardiac ECM control), e.g. lung, we established a 

decellularization methodology that allow a comparable decellularization across distinct 

ontogenetic tissue states, and among different tissues, healthy vs. pathological state and inter-

species, while preserving structure features and cell regulatory function of the native ECM.  

Hence, the chapter III presents a detailed description of the decellularization methodology 

developed, associated validation assays, as well as, the procedure for decellularized tissue 

repopulation. The iterations that resulted on this final protocol will be further discussed in more 

detail on Chapter IV.  
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SHORT ABSTRACT 

Cardiac and lung extracellular matrix (ECM) are specialized complex network of molecules 

that orchestrate key processes in heart and lung tissues, respectively, while enduring 

physiological remodeling throughout life. Standardized decellularization of fetal and adult, 

heart and lung, by capturing native architecture and biomechanical properties, permits 

comparative experimental studies across age and tissues in a 3D context. 

 

LONG ABSTRACT 

Current knowledge on ECM-cell communication translates by large two-dimensional (2D) in 

vitro cultures studies where ECM components are presented as a surface coating. These 

culture systems, constitute a simplification of the complex nature of the tissue ECM which 

encompasses biochemical composition, structure and mechanical properties. To better 

emulate the ECM-cell cross-talk shaping-up the cardiac and adult microenvironment, we have 

developed a protocol that allows the decellularization of whole fetal heart and lung, and adult 

left ventricle and left lung tissue explants at the same time for comparative studies. The 

protocol combines the use of a hypotonic buffer, a detergent of anionic surfactant properties 

and DNase treatment, without requirement of specialized skills or equipment. The application 

of the same decellularization strategy across different age and tissue samples is an alternative 

approach to perform comparative studies. The present protocol allowed the identification of 

unique structural differences across fetal and adult, heart and lung ECM mesh and biologic 

cellular responses. Furthermore, the herein methodology demonstrated a broader application 

being successfully applied in other tissues and species with minor adjustments, such as, in 

human intestine biopsies.  
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INTRODUCTION 

 
The extracellular matrix (ECM) is a dynamic network of molecules that regulate important 

cellular processes, namely fate-decision, proliferation and differentiation [91, 156]. The 

investigation of cell-ECM interactions has been mainly performed in 2D in vitro cultures coated 

with ECM components, which constitute a simplification of native ECM properties found in vivo. 

Decellularization generates acellular three dimensional (3D)-like ECM bioscaffolds that largely 

preserve the extracellular architecture and composition of native tissues and organs [100, 102]. 

In addition to their ability to serve as bioactive scaffolds for tissue engineering, decellularized 

3D ECM biomaterials are emerging as novel platforms to assess cell-ECM biology in a context 

that parallels the in vivo environment.  

Assessment of a differential role pertaining the ECM component of distinct tissues, organs and 

age will benefit with the use of similar protocols while generating native bioscaffolds. In the 

context of the heart and lung, we have developed a versatile protocol for comparable 

decellularization of fetal and adult-derived samples, as an alternative approach to perform 

comparative studies among different tissue microenvironments. Using this methodology, we 

obtain cardiac- and lung-derived ECM that resembles the respective native tissue 

microenvironment and that display cell compatible properties, except fetal lung when seeded 

with human induced pluripotent stem cell derived cardiomyocytes (iPSC-CM) (Chapter V). 

Fetal heart ECM promotes higher repopulation yields of cardiac cells in comparison with adult 

heart and lung [98, 110]. In addition, lung fibroblasts demonstrate to adhere and repopulate 

lung ECM displaying in vivo-like morphology. As well as, the present decellularization protocol 

further provided the identification of resident structural differences between fetal and adult 

heart ECM at the level of basement lamina/ and pericellular matrix mesh arrangement and 

fiber composition [98]. Prior to this work, head-to-head comparison of tissues at different 

ontogenic stages using the same decellularization approach has only been reported for rhesus 

monkey kidney and rodent heart. In addition, a limited number of studies report fetal 

tissues/organs decellularization per se [94, 98, 157]. The effective decellularization of has been 

achieved using sodium dodecyl sulfate (SDS) as unique decellularization agent. SDS is one 

of the most effective ionic detergents regarding clearance of cytoplasmic and nuclear material, 

and widely used in the decellularization of different tissues and specimens [103, 158]. 

Nevertheless, solutions containing high SDS and extended periods of exposure have been 

correlated with protein denaturation, glycosaminoglycan (GAGs) loss and disruption of 

collagen fibrils, and therefore a compromise between ECM preservation and cell removal is 
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necessary [103, 107]. To apply the same procedure to different tissues, the protocol described 

herein is divided in three sequential steps: cell lysis by osmotic shock (Hypotonic Buffer); 

solubilization of lipid-protein, DNA-protein and protein-protein interactions (0.2 % SDS); 

nuclear material removal (DNase treatment) [98, 110]. 

Our protocol shows several advantages, namely: i) the possibility of fare comparison among 

decellularized tissues by the application of the same decellularization strategy, ii) no 

requirements for specialized methods or equipment, iii) can be readily adapted to other tissues 

and species as it has been successfully applied with minor alterations in human intestine 

biopsies [105] and, importantly, iv) permits to address ECM biomechanical properties while 

enabling the assembly of 3D-like organotypic cultures that mimic more closely the molecular 

features of the native tissue microenvironment. 
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PROTOCOL 

All the methodologies described were approved by the i3S Animal Ethics Committee and 

Direção Geral de Veterinária (DGAV) and are in accordance with the European Parliament 

Directive 2010/63/EU. 

 
 
1. Preparation of the decellularization solutions 

 
Note: All decellularization solutions should be filtered through a 0.22 µm membrane filter and 

stored for a maximum of three months, except specified otherwise. 

 

1.1. . PBS 1X: Mix 8 g NaCl, 1.01 g Na2HPO4 and 200 mg KCl, 200 mg KH2PO4 with 900 mL 

of deionized water (DI water). Adjust solution pH to 7.5 and volume up to 1 L. Filter, autoclave 

and store the solution at room temperature (RT). 

 

1.2. Hypotonic Buffer (10 mM Tris, 0.1% EDTA): Dissolve 1.21 g TrisBASE and 1 g EDTA in 

900 mL of deionized water. Adjust solution pH to 7.8 with NaOH/HCl and correct solution 

volume until 1 L. Filter, sterilize by autoclave and store at RT. 

 

1.3. 0.2% SDS solution (0.2% SDS, 10 mM Tris): Add 0.6 g TrisBASE and 1 g Sodium Dodecyl 

Sulfate (SDS) in 400 mL of DI water and stir at 60oC until complete solutes dissolution. Let 

solution to cool down to RT. Adjust solution pH to 7.8 and the final volume to 500 mL. Sterilize 

solution by filtration.  

 

Note: SDS solution should be prepared prior to use. Filter solution only after complete SDS 

dissolution, otherwise the SDS insoluble particles will saturate the filter changing the final SDS 

concentration, consequently affecting tissue decellularization efficiency.  

 

1.4. Hypotonic Wash Buffer (10 mM Tris): Mix 1.21 g TrisBASE in 900 mL of DI water. Correct 

solution pH to 7.8 and adjust solution volume up to 1L. Filter, sterilize by autoclave and store 

at RT. 

 

1.5. DNase treatment (20 mM Tris, 2 mM MgCl2, 50 U/mL DNase): Dissolve 2.42 g TrisBASE 

and 2 mL of 1M MgCl2 in 900 mL DI water. Correct pH to 7.8 and the solution volume to 1 L. 
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Filter and sterilize solution by autoclave. Store solution at RT. Add DNase I (50 U/mL) prior to 

use. 

 

1.6. DNase I stock solution: Prepare a DNase buffer containing 50% glycerol, 20mM Tris-HCl 

pH 7.5, 1 mM MgCl2, adjust to a final volume of 10 mL with DI water. In a laminar flow hood, 

add the DNase I powder to the DNase buffer and mix gently until complete dissolution. Sterilize 

solution through 0.22 µm filter. Prepare 1 mL aliquots and store at -20oC. 

 

 

2. Tissue harvesting and cryopreservation 

 

Euthanize adult pregnant females at 18 days of gestation (E18 fetuses) and 7-8 weeks old 

male C57BL/6 mice via carbon dioxide asphyxiation. Perform a cesarean section with a 

surgical scissor and collect the uterine horns with the fetal mice to a petri dish with ice-cold 

PBS 1X with the help of two serrated tweezers with curved tips (one tweezer to each horn 

end). Open the uterine horns and amniotic sac to isolate the fetuses. Transfer the fetuses to a 

new petri dish with ice-cold PBS 1X to anesthetize and decapitate with a scissor. Perform an 

incision on mouse chest and collect the heart and lungs. Briefly, rinse heart and lungs with ice 

cold PBS 1X.  

 

2.1.1. E18 mice lung: Individualize each lung lobe and remove the main bronchi with a help of 

straight small scissors. Rinse individualized lung lobes with ice cold PBS 1X (Supplementary 

Figure 1). 

Note: Manipulate gently fetal lung tissues to avoid tissue disruption. 

 

2.1.2. 7-8-week-old male C57BL/6 mice heart: Remove the atria with the help of a scalpel. 

Perform an incision on the right ventricle and remove it with the help of straight small scissors. 

Expose the left ventricle inner wall by removing the septum. In a new petri dish divide the left 

ventricle free-wall in longitudinal strips with ± 2 mm thickness and remove the papillary muscle 

with a scalpel and serrated tweezers with curved tips. Excise small tissue explants with the 

help of a scalpel using a 2 mm x 2 mm grid (Supplementary Figure 2). Briefly rinse tissue 

explants with ice cold PBS 1X.  
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2.1.3. 7-8-week-old male C57BL/6 mice left lung: Remove the trachea and left main bronchi 

with the help of a scalpel. Perform a vertical middle incision, followed by four equidistant 

horizontal incisions with the help of a scalpel and serrated tweezers with curved tips. Rinse left 

lung explants with ice cold PBS 1X (Supplementary Figure 1).  

 

2.3. Add ~250µl of the optimal cutting temperature (OCT) compound to autoclaved 1.5 ml 

microcentrifuge tubes. Transfer whole fetal hearts and lung lobes, and adult cardiac and lung 

explants to the tubes with OCT and freeze them with dry ice-cooled isopentane and store at -

80oC (to a maximum of 6 months). 

 

Important: The use of tissue explants cryopreserved for more than 6 months will reduce 

significantly the decellularization efficiency, especially in the adult heart tissue explants. 

 

 

3. Tissue decellularization 

 

Note: Cardiac and lung tissue decellularization is performed in 24-well tissue culture plate with 

one sample per well. A final volume of 1mL of each decellularization solution is added to each 

individual well. All decellularization steps should be performed with agitation at 165 rpm 

(incubator shaker with orbital diameter of 20 mm) and at 25 °C, unless specified otherwise. 

For more details, please consult the scheme on Figure 1 A. Amphotericin B (e.g. fungizone) 

and gentamicin are freshly added to all decellularization solutions before use to a final 

concentration of 2.5 µg/mL and 0.01 µg/mL, respectively. To quantify the amount of DNA 

retained within decellularized tissues, samples mass need to be registered before initiating the 

decellularization protocol. DNA quantification protocol is further detailed in section 5.1. 

 

3.1. DAY 1 

  

3.1.1. Remove tissue samples from -80 oC. Leave 1.5mL microcentrifuge tubes at RT until 

OCT becomes partially melted. Transfer the cardiac or lung tissue block of still frozen OCT to 

a Petri dish with PBS 1X. 

 

3.1.2. After OCT melting, remove the heart or lung tissue to a new Petri dish with PBS 1X. 

Wash samples at least twice for 10-15 min in PBS 1X, at 60 rpm.  
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3.1.3. Add 1 mL of working Hypotonic Buffer per well of a sterile 24-well tissue culture plate. 

Transfer one sample per well with the help of forceps. 

 

3.1.4. Move the 24-well tissue culture plate with the samples to an incubator shaker at 25 oC 

and start the 18 h incubation with Hypotonic Buffer.  

 

3.2. DAY 2 

 

3.2.1. Prepare the 0.2% SDS solution as described at section 1.3.  

 

Figure 1. Comparable decellularization protocol for fetal (E18) and adult (7-8 weeks), heart and 
lung tissues. A. Protocol overview. B. Decellularization protocol detailed. Pink, washing solution for 
cardiac tissue decellularization; Blue, washing solution for lung tissue decellularization. 
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3.2.2. Aspirate the Hypotonic Buffer and wash the cardiac and lung samples 3 times with PBS 

1X and MilliQ water, respectively, 1 h per wash. 

 

Note: PAUSE POINT: Tissue under decellularization can be kept in PBS 1X or MiliQ water at 

4 oC for 18 h in static conditions. 

 

3.2.3. Remove the PBS 1X or MilliQ water, add 1mL of freshly made SDS solution per well and 

incubate samples for 24 h. 

 

3.2.4. (CHECK POINT) Post SDS incubation, ensure that samples exhibit a white to 

translucent appearance.  

 

Note: At this step, SDS treated samples are drenched in DNA, showing a gelatin-like 

consistence. Remove SDS solution slowly to avoid sample adhesion to the pipette tip.  

 

3.3. DAY3 

 

3.3.1. Wash the samples 3 times, 20 min per wash, with Hypotonic Wash Buffer (1mL per well). 

 

Note: At this step is normal to observe a decrease in the sample size due to the removal of 

cell remnants. PAUSE POINT: Tissue under decellularization can be kept in Hypotonic Wash 

Buffer at 4 oC for 18 h in static conditions.  

 

3.3.2. Add 1mL of DNase Treatment solution per well and incubate the samples for 3 h, at 37 
oC. 

3.3.2.1. Lung tissues: Aspirate the DNase Treatment solution and add 1mL of DNase 

Treatment solution per well and incubate the samples for 3 h, at 37 oC. 

 

3.3.3. Aspirate the DNase Treatment solution and wash cardiac and lung samples three times 

with PBS 1X and MilliQ water (1mL per well), respectively, 20 min per wash. Perform a final 

wash overnight, at 25 oC and 60 rpm. 

 

3.3.4. (Check point) After DNase treatment, ensure that the decellularized samples have lost 

the gelatin-like consistence. 
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Note: Upon DNase treatment remove and add washing solution gently since samples can be 

easily entrapped and attached to the pipette tip. 

 

 

4. Assessment of decellularized tissue cell removal 

 

4.1. Fix the samples in a 24-well tissue culture plate, 1 sample per well, by the addition of 1mL 

of freshly made 10 % formalin neutral buffer with 0.03 % aqueous eosin for 2.5-3 h, at RT. 

 

Note: Eosin is added to the fixative to stain the decellularized tissue and ease sample 

visualization during sectioning and histological staining. The addition of the eosin does not 

interfere with the Hematoxylin and Eosin (HE) and Masson Trichrome histological stains 

neither with immunofluorescence techniques. Alternatively, the fixation can be performed 

overnight at 4oC. 

 

4.2. Remove the fixative solution and add 1mL of PBS 1X to wash the sample. 

 

4.3. Encapsulate the fixed bioscaffolds in histology processing gel using a disposable vinyl 

specimen mold according the manufacturer instructions. 

 

4.4. Remove the histology gel with the sample embedded from the mold and transfer to Biopsy 

Processing/Embedding Cassettes with Lid.  

 

Note: An alternative to tissue embedding in histology and processing gel is to process each 

sample confined in two biopsy sponges with small pores. The samples should be localized in 

the center of the biopsy sponges to ease detection. Of Note, cardiac samples can be difficult 

to localize using this approach. 

 

4.5. Process the samples for paraffin embedding through successive incubations (30 min per 

solution) in crescent series of alcohol concentrations (70%, 80%, 90%, 100%, 100%), 

isoparaffinic aliphatic hydrocarbon solution (2 incubation stations) and paraffin (2 incubation 

stations) at 56 °C.  
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4.6. Mount the samples in a paraffin block. 

 

4.7. Cut 3 µm-thick paraffin sections on a microtome and collect the section on glass 

microscope slides. 

 

4.8. Dry paraffin sections overnight, at 37 oC. 

 

Note: (PAUSE POINT) Paraffin sections are stored at 4 oC until further use. 

 

4.9. Perform HE stain according to manufacturer instructions in the decellularized samples 

section to verify protocol efficiency, in comparison to section of non-manipulated tissue.  

 

Note: The HE is characterized to stain cell nuclei by blue/purple, cytoplasm in dark pink/red 

and collagen in pale pink. Efficient decellularization is achieved when a porous light pink 

network is observed, in the absence of nuclear stain.  

 

 

5. Assessment of decellularized tissue nuclear material removal 

 

Note: The quantification of the DNA content on decellularized tissue need to be performed in 

comparison to the respective non-manipulated tissue. 

 

5.1. Before decellularization, weigh a 1.5 mL microcentrifuge tube on a high precision digital 

scale. Transfer the cardiac tissue to the tube, remove the extra amount of PBS 1X and weight 

the tube with the samples. Calculate samples wet weight by: 

 

Sample wet weight = weight tube with samples – weight empty tube 

 

5.2. Decellularize the heart and lung samples as described at section 3. 

 

5.3. After decellularization collect the decellularized tissues into a microcentrifuge tube. 

 



Chapter III  | Comparable decellularization of fetal and adult cardiac and lung tissue explants as 3D-
like platforms for in vitro studies 
 

41  

Note: Due to the small dimensions and mass of the individual cardiac samples and kit 

specifications, pooling of decellularized tissues of each sample condition should be performed 

(fetal heart: ³ 5 whole hearts; adult LV explants: ³ 15 explants). The same procedure should 

be performed with the non-manipulated tissue. 

 

Note: (PAUSE POINT) The samples can be stored at -20 oC until DNA extraction and 

quantification are performed. 

 

5.4. Cut the non-manipulated and decellularized tissues in small explants with a help of a 

scalpel in a clean Petri dish.  

 

Note: Use individual scalpel and petri dishes for each sample. Samples mechanical disruption 

with a scalpel facilitates their posterior enzymatic digestion and consequent DNA extraction. 

 

5.5. For DNA extraction use a spin-column based DNA extraction method according the 

manufacturer instructions.  

 

5.6. Collect the mechanically dissociated samples from the petri dish with the master digestion 

buffer (digestion buffer and proteinase K) according to manufacturer instructions using a wide 

orifice pipette tip.  

 

Note: Tissue lysis with Proteinase K digestion is faster in decellularized samples. To process 

distinct samples at the same time, keep lysed samples on ice, until all samples are lysed to 

minimize degradation. Complete samples lysis is achieved between 4-6 h. 

 

5.7. Proceed with the protocol according the manufacturer instructions. 

 

Note: To increase the yields of extracted DNA of decellularized and non-decellularized tissue 

samples, elute the DNA on 25-50 µL and 100 µL of elution buffer, respectively. Collect the 

eluted DNA and load the spin-column. Incubate 1min, at RT. Centrifuge the samples according 

the manufacturer instructions.  

 

PAUSE POINT: The DNA extracted from the samples can be store a -20 oC until further use. 
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5.8. Quantify the extracted DNA from the samples with a fluorescent dsDNA detection kit 

following the manufacturer instructions. 

 

5.9. Normalize the DNA content as nanograms of DNA per milligram of initial sample wet 

weight (before decellularization). 

 

 

6. Decellularized scaffolds cell seeding 

 

Note: All solutions/reagents need to be sterile and all the procedure performed in sterile 

conditions.  

 

6.1. Prepare DPBS 1X with 2.5 µg/mL amphotericin B and 1% P/S (penicillin, 100 I.U.; 

streptomycin 100 µg/mL). 

 

6.2. Remove the PBS 1X solution from the last decellularization washing step (step 3.3.3) and 

add 500 µL per well of the freshly prepared DPBS 1X/ 2.5 µg/mL amphotericin B/ 1% P/S 

solution. Store samples at 4 oC from 1-7 days. 

 

Note: Samples storage at 4 oC is important to maintain sterility. 

 

6.3. Add P/S to cell basal media (without FBS and supplements) to a final concentration of 1%. 

 

6.4. Aspirate DPBS 1X/ 2.5 µg/mL amphotericin B / 1% P/S solution from the decellularized 

samples. Add 500 µL per well of cell basal media/ 1% P/S and let samples to equilibrate for 1 

h at 37 oC, or at 4 oC for more than 1 h. 

 

6.5. Split the cells of interest and prepare small aliquots of cells at the cell density desired.  

 

Note: The decellularized tissue seeding must be performed under a stereoscopic microscope 

and in sterile conditions. Cell culture media should contain 1% P/S.  

 

6.6. Pipette 3-4 µL of DPBS to the center of a well of a 96-well plate. Using thin and straight 

tweezers, transfer the decellularized scaffolds to the DPBS drop, remove the extra DPBS by 
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aspiration, and make sure the sample is not folded nor wrinkled and let it dry in the edges to 

become adherent to the well surface.  

 

Note: Detached scaffolds have lower seeding efficiency.  

 

6.7. Add cells to the scaffold by pipetting the single-cell solution slowly against the edges of 

the well.  

 

Note: For example, neonatal rat cardiomyocytes are seeded with at a density of 7500 

cells/mm2, human iPSC-CM at 60x103/cm2 and immortalized mouse Lin− Sca-1+ cardiac 

progenitor cells (iCPCSca1) at 60-1500 cells/mm2. Adjust cell density according the experimental 

rationale. 

 

6.8. Add DPBS to the neighboring wells to avoid fast media evaporation. 

 

6.9. Twenty-four hours post cell seeding, if the cell type used adhered to the tissue culture 

polystyrene plates (TCPS), transfer bioscaffolds to a new well, else replace the medium to 

remove non-adherent cells.  

 

6.10. Change carefully the media according to specific requirements of the cell type.  
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Table 1. Troubleshooting table for parallel decellularization of fetal (E18) and adult mouse cardiac tissue. 

Step Observation Possible Reason Problem Solution 

3.1. Tissue with a brownish 

color 

Sample cryofixation; Unstable 

freezing temperature 

Sample cryofixation will lead to 

inefficient removal of cytoplasmic 

proteins 

Store frozen tissue during 

shorter periods. Check freezer 

temperature and stability 

3.8. Pink-to-white opaque 

samples 

SDS solution was not well 

prepared; adult LV explants 

too big 

Inefficient removal of cytoplasmic 

proteins 

Ensure complete SDS 

dissolution. Decellularize 

samples of smaller size. 

3.10. Samples with a gelatin-like 

appearance 

Inefficient DNA removal Inefficient nuclear material 

clearance 

 

Increase DNase concentration 

and/or incubation time. 

 

4.6. HistoGel compaction 

 

Long waiting time in 

PBS1X/ethanol before paraffin 

processing 

 

Alteration of decellularized tissue 

structure 

 

Start histological processing 

as soon as possible 

 

6.6. Dried decellularized 

samples 

 

Samples were left to dry for too 

long 

 

Permanent collapse of 

decellularized tissue. Inefficient cell 

seeding 

 

Allow samples to slightly dry 

only in the periphery in order to 

become attached to the 

bottom of the well during 

seeding 

 

6.7. Decellularized sample 

detachment during 

seeding 

 

Samples were not sufficient 

dried prior to seeding 

 

Inefficient cell seeding 

 

Increase ECM drying time to 

allow better adherence prior to 

cell seeding 
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REPRESENTATIVE RESULTS 

 

The decellularization efficiency should be assessed through three main techniques, macroscopic 

observation, histology and DNA quantification. The macroscopic appearance of samples post-

SDS treatment indirectly translates the efficacy of cell removal. After SDS incubation, samples 

should appear as translucent to white structures (Figure 2A). Fetal (E18) heart and lung 

decellularized tissues are characterized by a high translucent structure while the respective adult 

explants evidence a translucent to white appearance. A whiter appearance is generally correlated 

with ECM networks exhibiting higher fiber density and collagen content, as evidenced on adult 

ventricular, adult left lung and blood vessels ECM mesh (Figure 2A). 

Hematoxylin and Eosin (HE) stain are performed to confirm efficient cell removal by the 

observation of a porous mesh (light pink) and absence of intact nuclei in comparison with native 

tissues (Figure 2B). Clearance of nuclear material after decellularization is accessed by DNA 

quantification and a reduction > 99.5% is generally obtained independently of the age or nature 

of the decellularized tissue (Figure 2C). The presence of nuclear material on decellularized 

scaffolds has been described as a trigger of undesired inflammatory response upon implantation 

[159]. For this reason, confirmation of efficient decellularization is essential prior 3D scaffolds 

repopulation experiments. In addition to an effective cell removal, decellularized samples should 

retain the main chemical and structural features of the respective native tissue. Chemical 

characterization can be addressed by immunostaining targeting ECM molecules to confirm the 

presence and distribution of the different ECM molecules throughout decellularized tissue network 

having non-manipulated tissues as reference (Figure 3, Supplementary Figure 3). Electron 

microscopy analysis, namely, scanning electron microscopy (SEM) are perform to assess further 

structural ECM features by the identification of distinct fibers content (Figure 3) [98, 110]. 

Decellularized scaffolds may be stored in sterile conditions up to 7 days until cell seeding 

experiments are performed. Repopulated decellularized tissue dynamics is evaluated routinely to 

identify macroscopy alterations of decellularized tissue structure as a result of cell remodeling 

and evaluate cell viability throughout in vitro cell culture (Figure 4 A,B). Cell viability is monitored 

by calcein staining, nevertheless, we do not exclude that calcein stain can be cytotoxic in more 

sensitive cells types (Figure 4B). Terminal analysis of cell repopulation and distribution across 

bioscaffolds is performed post-paraffin processing or whole mount staining; a snapshot of the 

bioscaffold repopulation is assessed by HE stain and/or immunostaining for cell-specific markers 

at a central section of bioscaffolds (Figure 4C-E).  
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Figure 2. Fetal (E18) and adult, cardiac and lung tissues are efficiently decellularized using a 

comparable decellularization protocol. A. Macroscopic analysis of heart and lung, fetal and adult tissues 
before and after decellularization. SP: superior lobe; ML: middle lobe; IL: inferior lobe; PCL: post-caval lobe; 
LL: left lung; V: vasculature; Vt: ventricle; B: bronchi; Br: bronchiole; B. Hematoxilin and Eosin (HE) 
histological analysis of cardiac and lung tissue before and after decellularization. C. Quantification of 
nuclear material in decellularized versus non-manipulated tissue. Data expressed as mean ± SEM.  
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DISCUSSION 

 

The ECM is a highly dynamic and complex meshwork of fibrous and adhesive glycoproteins, 

consisting of a reservoir of numerous bioactive peptides and entrapped growth factors. Thus, 

ECM impacts cells function and behavior by modulation of relevant cell processes, such as, 

adhesion, motility/migration, proliferation, differentiation and apoptosis [80, 91]. Knowing that 

cellular behavior differs in 2D versus 3D culture, efforts have been applied to develop novel 

organotypic models able to recapitulate accurately natural tissue environments. In the last years, 

tissue decellularization led to a paradigm shift emerging as an alternative technique for tissue 

engineering and regenerative medicine. Thus, tissue and organ decellularization is currently the 

tool of election to better dissect tissue-specific microenvironmental parameters (biochemical, 

structural and mechanical) and biological activity in vitro and in vivo [96, 97, 113]. 

 

We developed a protocol that combines the use of a hypotonic buffer with a detergent of anionic 

surfactant properties followed by a final DNase treatment [98, 105, 110]. The present protocol 

constitutes a simple and reproducible method to perform comparative analysis between 

decellularized fetal and adult mouse, heart and lung tissues. Our experience with other tissues, 

namely with tumor samples derived from cancer patients’ surgical biopsies shows that this 

protocol is easily adaptable and successful in other conditions and models [105]. The application 

of the same decellularization procedure on different samples, i.e. with distinct age, health status, 

tissue specificity and species, allow more straightforward comparative studies on ECM 

composition, biomechanical properties, architecture and cellular modulatory properties in a 3D 

context. 

 

One of the most difficult challenges of tissue decellularization is to find the fine balance between 

outright cell removal, ECM meshwork preservation and tissue biocompatibility. Hence, several 

critical steps need to be carefully considered, such as time of tissue cryopreservation before 

decellularization, correct explant size, the use of fresh solutions and manipulation of the final 

decellularized tissue. During our studies, we observed a direct correlation between long time 

storage of cryopreserved tissue and the use of longstanding SDS solutions with decellularization 

inefficiency. Long time tissue storage leads to inefficient cellular content removal rendering 

remnants of thick cellular areas (without nuclei) among the complex ECM meshwork. A similar 

undesirable effect is attained when long stored SDS solutions are used for tissue decellularization, 

likely because SDS solutions have short stability   
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Figure 3. Overview of the chemical and structural features of fetal and adult, heart and lung 

decellularized tissues. Representative macroscopic (left), immunofluorescence (middle) and scanning 
electron microscopy (SEM, right) images of the cardiac (top) and lung (bottom) decellularized tissues, 
respectively. Scale bars are identified in the image. 
 

 

due to reduced solubility, hydrolysis and pH alterations overtime [160, 161]. The use of explants 

of the correct size is also essential for the success of adult tissues decellularization particularly, 

since larger tissue resections are more difficult to decellularize, displaying cell debris entrapped 

at the surface and arrested between the dense ECM network. Although this protocol provides an 

efficient method for heart and lung tissue decellularization, a minor fraction of adult heart explants 

may present cell remnants, in particular those of larger size. Histological analysis of these 

samples eases their identification and subsequent exclusion from the study. Ultimately, the 

protocol herein demonstrates to be versatile and readily applied on distinct specimens through 

slight adjustments on tissue explants size, SDS concentration (0.1-0.2% SDS) or solutions 

incubation time [98, 105, 110].  

 

The major limitation of the present method is the manipulation of small size samples, namely, 

murine fetal heart and adult heart explants, which require some handling skills. In fact, fetal and 

adult, heart and lung decellularized tissues are delicate structures that can be permanently 

deformed when entrapped by the thin pipette tip or dried during handling with forceps in 

preparation for cell seeding experiments [98]. 
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The major novelty of this protocol, besides the parallel decellularization of fetal and adult mouse, 

heart and lung tissues explants for comparative assessment of the ECM composition 

(biomechanical analyses) and associated biological function, is its simple translation to distinct 

tissues and models [98, 105, 110]. The decellularization of tissues with distinct ages by application 

of standardized methodology, i.e. using the same decellularization methodology, was only 

described on transverse sections of fetal, neonatal and adult rhesus monkey kidney, which were 

subjected to a 1% SDS treatment for 10 days [157]. In a cardiac setting, although fetal, neonatal 

and adult tissues have been decellularized, the methods varied at the level of decellularized 

agent’s delivery (agitation vs perfusion), SDS concentrations and time of application [94, 95]. As 

Figure 4. Analysis of repopulated heart and lung decellularized tissues. A. Brightfield imaging of fetal 
decellularized heart 24h and 20 days post-seeding with human iPSC-CM depicting ECM remodeling. 
Scale bar, 1 mm. B. High cell viability observed at bioscaffold surface repopulated with iCPCSca1 cells by 
calcein stain (green). Scale, 500 µm. C. iCPCSca1 cell distribution across scaffolds assessed via HE 
staining. Scale, 100 µm. D. Orthogonal view of iCPCSca1 cells embedded in the decellularized ECM. 
Confocal image of 50 µm-thick paraffin section. Scale, 10 (orthogonal view XZ, YZ) and 40 µm. autoFL: 
tissue autofluorescence. E. Lung fibroblast proliferation in culture on 25 µm-thick slides of adult lung ECM. 
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each decellularization procedure impacts on ECM in a unique manner, the comparison of 

decellularized samples obtained from different protocols may lead to misleading conclusions. 

Hence, the application of the same decellularization procedure across different samples, 

demonstrate to be a feasible approach for reliable comparative analysis. The application of the 

decellularization protocol across different tissues have been mainly documented through 

perfusion-based methodologies, not compatible with tissue biopsies [113, 162, 163]. Mayorca-

Guiliani and colleagues developed an in-situ perfusion decellularization approach for tumor and 

tumor-free liver, lung and mammalian gland decellularization compatible with high preservation 

of ECM structure, and facilitating high-resolution imaging and proteomic studies [113]. 

Nevertheless, no in vitro studies have been performed with cells to evaluate the bioactive and 

biocompatible potential of the isolated ECM through these multi-tissues decellularization 

approaches.  

 

In addition, the large majority of the decellularized tissues commercially available derive from 

adult specimens [164]. Although the growing recognition for an increased ability of fetal 

microenvironments in providing pro-regenerative signals in comparison to their adult 

counterparts, only a few studies reported fetal tissues decellularization [58, 94, 98, 165-167]. 

Understanding ECM dynamics during the aging process will be determinant to identify unique 

features of pro-regenerative microenvironments which, in turn, will impact the development of 

higher efficiency biomimetic-materials. 
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SUPPLEMENTARY DATA 

 
Supplementary Figures 
 

 
Supplementary Figure 1. Sampling of the fetal and adult lung tissue. A. Fetal lungs were individually 
isolated and the left lung transversely divided in two equal explants. B. Adult left lung was divided in 10 
similar sized explants. Dashed line: sectioning region. SP: superior lobe; ML: middle lobe; IL: inferior lobe; 
PCL: post-caval lobe; LL: left lung; 

 
 

 

Supplementary Figure 2 Sampling of the adult left ventricle (LV) for decellularization. A-D. Atria, right 
ventricle and papillary muscle (PM) were discarded. E. The septum wall (SW) and the LV free wall were 
excised in small explants of 1.5-2 mm with the help of a 2x2mm grid. F. Area distribution of LV explants. 
Epi: epicardium, Myo: myocardium. 
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Supplementary Figure 3. Biochemical and structural characterization of fetal (E18) lung ECM. 

A. Immunofluorescence for main ECM components before and after decellularization. Scale bar, 100 µm. 
autoFL: tissue autofluorescence. B. Representative images of fetal lung microstructure by scanning 
electron microscopy (SEM). Scale bars are identified in the image. 
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Supplementary Table 1: Materials 
 
Name Company Catalog Number Comments 

Equipment 
Incubated Benchop 
Shaker Orbital Shakers IKA:3510001 Recommended 

Fluorimeter - - Equipment available 
Digital weight scale - - Equipment available 
Inverted microscope - - Equipment available 
Cell culture incubator - - Equipment available 
Fridge (4OC) - - Equipment available 
Freezer (-20 OC) - - Equipment available 
Deep freezer (-80 OC) - - Equipment available 
Microtome - - Equipment available 
High precision digital 
scale - - Equipment available 

Cirurgical Instruments 
Vannas Spring 
Scissors – 2.5mm 
cutting edge 

Fine Science Tools 5000-08 Recommended 

Dummont 5Fine 
Forceps – 
Biologie/Inox 

Fine Science Tools 11254-20 Recommended 

Dumont 7 forceps Fine Science Tools 11272-30 Recommended 
Dissecting Scissors, 
straight - - Tool available 

Forceps, serrated, 
curved - - Tool available 

Materials 

24 well plates, 
individually wrapped 

VWR 
 
 

29442-044 
 - 

96 well plates, 
individually wrapped 

VWR 
 

71000-078 
 - 

Steriflip-GV, 0.22µm, 
PVDF, Radio-Sterilized 

Millipore 
 

SE1M179M6 
 - 

1.5mL Eppendorff - - Material available 
 

15 mL Falcon tubes Fisher Scientific 
 

430791 
 - 

50 mL Falcon tubes Fisher Scientific 
 

430829 
 - 

Disposable Vinyl 
Specimen Molds 
(10mm x 10mm x 
5mm) 

Tissue-Tek 
 

4565 
 - 

Four-Compartment 
Biopsy 
Processing/Embedding 
Cassettes with Lid 

Electron Microscopy 
Science 
 

70075-B 
 - 

Fisherbrand™ 
Superfrost™ Plus 
Microscope Slides 

Thermo Fisher 
Scientific 
 

22-037-246 
 - 
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Supplementary Table 1: Materials (continuation) 
 
Tissue cryopreservation 
Shandon™ 
Cryomatrix™ embedding 
resin 

Thermo Scientific 6769006 
 - 

2-methylbutane 
anhydrous 99+% 
(isopentane) 

Sigma-Aldrich 277258-1L 
 - 

Dry ice - - - 
Decellularization 
NaCl BDH Prolabo 27810.364 - 
Na2HPO4  Sigma-Aldrich S-31264 - 
KH2PO4 Sigma-Aldrich P5379-100g - 
KCl Sigma-Aldrich P8041-1KG - 
TrisBASE Sigma-Aldrich T6066-500G - 
Sodium dodecyl sulfate Sigma-Aldrich L-4390 - 
MgCl2 MERCK 1.05833.1000 - 
DNase I AplliChem A3778,0050 - 
Gentamicin Gibco 15710-049 - 
Fungizone Gibco BRL 15290-026 - 
Deionized water (DI 
water) - - - 

Histology 
10 % formalin neutral 
buffer  Prolabo 361387P - 

Eosin Y AQUEOUS 
Richard-Allan Scientific™ Surgipath 01592E 

Can be replaced by 
alcoholic eosin 
 

HistoGel™ Specimen 
Processing Gel 

Thermo Fisher 
Scientific 

HG-4000-012 
 - 

Ethanol ethilic alcohol 
99,5% anydrous Aga 4,006,02,02,00 

 - 

Deionized water (DI 
water) -  - 

Clear Rite 3® Richard-Allan 
Scientific 6915 - 

Shandon Histoplast Thermo Fisher 
Scientific RAS.6774006 - 

Kits 
Hematoxilin and Eosin 
Staining Kit - - Kit available 

Masson Trichrome Kit - - Kit available 
PureLink Genomic DNA 
Mini Kit  

Thermo Fisher 
Scientific 

K182001 
 - 

Quant-iT 
PicoGreen dsDNA Kit  

Invitrogen 
 

P11496 
 - 

 
Cell Culture 
DPBS VWR 45000-434 - 
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Penicillin-
Streptomycin Solution 
100X 

Labclinics L0022-100 
 - 

Fungizone Gibco BRL 15290-026 - 
 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER IV 

 
Three-dimensional scaffolds of fetal decellularized hearts exhibit enhanced 

potential to support cardiac cells in comparison to the adult 

 



CHAPTER IV  | Three-dimensional scaffolds of fetal decellularized hearts exhibit enhanced potential to 
support cardiac cells in comparison to the adult 
 

56  

 

 
 
 
 
Current understanding on developmental biology of the heart highlights the ECM as a key 

regulator of cardiac cells behavior throughout ontogeny. The observation that mutation on ECM 

related genes resulted in the occurrence of congenital heart defects, disease development and, 

in worst case scenario, to the embryo death, endorsed the establishment of model-systems in 

which these phenotypes may be dissected at the mechanistic level. Thus, several studies were 

performed characterizing the dynamics of the ECM elements through heart life on tissue sections, 

lacking the 3D spatial information. Hence, most of the studies evaluating the cell modulatory 

nature of the ECM on an in vitro setting are in 2D, thus representing an oversimplification of the 

complexity of the ECM function in vivo. We hypothesized that a deep characterization of fetal 

(regeneration-prone microenvironment) versus adult heart (repair microenvironment) ECM will 

enable us to identify ECM features for the development of biomaterials better mimicking the ECM 

network properties associated with a regeneration permissive in vivo stage. Decellularization 

methodologies have been demonstrated to be a powerful approach to study ECM, not only 

because allow ECM isolation preserving an in vivo-like arrangement, but it also improves ECM 

characterization by promoting observation with a better resolution of the 3D ECM mesh and 

identification of less abundant ECM elements by mass spectrometry, in the tissue devoid of 

cellular content. However, the decellularization protocols established for fetal and adult heart 

decellularization are distinct which may impact negatively a reliable comparison between both 

microenvironments.  

Hence, in chapter IV we verified the ECM-cells interactions that resulted in the establishment of 

a comparable decellularization approach for fetal and adult heart tissue decellularization, as well 

as, respective protocol validation. Through this strategy, we portrayed the identification of unique 

features of fetal and adult ECM spatial arrangement. In accordance with previous reports, we 

observed that fetal heart ECM retains cues that favor cardiac cells culture, such as neonatal CM 

and Sca-1+ cardiac progenitor cells in vitro in comparison with the adult counterpart acellular 

matrix. Last but not the least, we addressed the identification of putative mechanisms involved on 

decellularized cardiac tissues repopulation. 
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ABSTRACT 

 
A main challenge in cardiac tissue engineering is the limited data on microenvironmental cues 

that sustain survival, proliferation and functional proficiency of cardiac cells. The aim of our study 

was to evaluate the potential of fetal (E18) and adult myocardial extracellular matrix (ECM) to 

support cardiac cells. Acellular three-dimensional (3D) bioscaffolds were obtained by parallel 

decellularization of fetal- and adult-heart explants thereby ensuring reliable comparison. Acellular 

scaffolds retained main constituents of the cardiac ECM including distinctive biochemical and 

structural meshwork features of the native equivalents. In vitro, fetal and adult ECM-matrices 

supported 3D culture of heart-derived Sca-1+ progenitors and of neonatal cardiomyocytes, which 

migrated toward the center of the scaffold and displayed elongated morphology and excellent 

viability. At the culture end-point, more Sca-1+ cells and cardiomyocytes were found adhered and 

inside fetal bioscaffolds, compared to the adult. Higher repopulation yields of Sca-1+ cells on fetal 

ECM relied on β1-integrin independent mitogenic signals. Sca-1+ cells on fetal bioscaffolds 

showed a gene expression profile that anticipates the synthesis of a permissive microenvironment 

for cardiomyogenesis. Our findings demonstrate the superior potential of the 3D fetal 

microenvironment to support and instruct cardiac cells. This knowledge should be integrated in 

the design of next-generation biomimetic materials for heart repair. 

 

KEYWORDS 

Extracellular matrix; Decellularization; 3D scaffolds; Fetal microenvironments; Cardiac tissue 

engineering 
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INTRODUCTION 

 
Cardiovascular diseases are a main cause of death in the world and, following an injury such as 

myocardial infarction (MI), the heart undergoes substantial loss of cardiomyocytes (CM) which 

are replaced by collagen-rich non-functional scar tissue [168]. Driven by the limited success of 

cell-based therapies, biologists, physicians and engineers have joined efforts to develop tissue 

engineering approaches that resemble the myocardial structure and support the survival and 

integration of transplanted cells [169-171]. Although numerous natural and synthetic biomaterials 

have been experimentally tested in myocardial tissue engineering strategies, their limited 

capability to emulate the native ECM microenvironment remains a major challenge. To overcome 

this limitation both natural and synthetic biomimetic materials have been modified to mimic ECM 

adhesion and degradation profiles, anchorage of growth factors and viscoelastic properties [172]. 

In parallel to the development of these matrices, tissue decellularization has been considered an 

attractive technique to produce scaffolds that preserve structural and biochemical composition of 

the natural ECM [102, 164]. Although several decellularized scaffolds have been tested for the 

treatment of ischemic heart disease, only native decellularized scaffolds preserve the complex 

tissue-intrinsic molecular, structural and mechanical cues that regulate tissue-specific cell 

behavior [173-176]. In line with this, cardiac acellular scaffolds are an advantageous basis for the 

development of a bioartificial myocardium. However, when considering the clinical use of 

decellularized matrices several concerns have been raised namely batch-to-batch variability and 

stimulation of host immune response as a consequence of incomplete decellularization 

procedures [177-179]. Regardless, acellular scaffolds provide important insights on instructive 

ECM architecture and composition, which can be integrated in the development of biomimetic 

materials with controlled manufacturing and safety. Owing to the well-recognized role of the ECM 

in cardiac development and morphogenesis, we hypothesized that ECM provides developmental-

stage specific cues that govern cell behavior and thus impact on tissue functional recovery in an 

injury scenario [115, 180-183] . Recent studies using ECM-coated surfaces derived from young 

and aged rats corroborated our hypothesis, demonstrating that young ECM favors CM adhesion 

and proliferation [94]. Nevertheless, the role of young ECM as 3D scaffolds, with preserved micro- 

and macroarchitecture and vascular bed has not yet been explored. The present work constitutes 

a proof-of-principle study showing for the first time the superior potential of 3D developmental-

stage specific microenvironments, i.e. fetal bioscaffolds, to support the growth of cardiac cells in 

vitro. To this end, a protocol for parallel decellularization of fetal embryonic day 18 (E18) and adult 
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mouse ventricle explants of similar size was developed. Herein, we show that fibronectin and 

coiled fibers are abundant in young bioscaffolds whereas adult bioscaffolds evidence more 

collagen type I and mature thin nanofibers. By comparing in vitro seeding of CM, fibroblasts and 

heart-derived precursors we demonstrate that fetal matrices exhibit enhanced potential as 

myocardial scaffolds, with greater repopulation yields obtained with every cardiac cell tested. 

These findings provide insights on the composition and arrangement of a microenvironment that 

sustains survival and maintenance of cardiac cells, and are thus anticipated to impact the design 

of next generation biomimetic materials for heart repair. 
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MATERIALS AND METHODS 

 
Animals and organ collection  

All animal experiments performed in this study were approved by Instituto de Biologia Molecular 

e Celular (IBMC) and Instituto de Engenharia Biomedica (INEB) Animal Ethics Committee, 

Direção Geral de Veterinária and are in accordance with European Parliament Directive 

2010/63/EU. Embryonic day 18 (E18) C57BL/6 fetuses, 7-8 weeks old C57BL/6 (adults), and 

post-natal day 1-2 neonatal Wistar rats were used in the present study. Adult mice were 

euthanized by carbon dioxide asphyxiation. E18 fetuses were isolated from the uterus and 

immediately anesthetized by hypothermia prior to decapitation. A median sternotomy was 

performed in sterile conditions and hearts excised, cleaned in cold phosphate buffer saline (PBS) 

and processed, as described below, for different techniques. 

 

Cardiac tissue decellularization 

The left ventricle (LV) of adult hearts was divided into small explants using a 2x2 mm grid that 

match fetal tissue size. Fetal hearts and LV tissue explants from adult hearts were embedded in 

OCT (THERMO Scientific), cryopreserved in dry ice-cooled isopentane (Sigma-Aldrich) and 

stored at 80oC until further use (<6 months). Cardiac tissue decellularization was achieved 

through a sequence of incubation steps performed in 6-8 mg of cardiac tissue per milliliter of 

reagent volume with agitation at 165 rpm (incubator shaker with orbit diameter of 20 mm) and at 

25oC, unless specified otherwise. Following thawing and washing in PBS to remove OCT, cardiac 

tissue was incubated for 18 h in hypotonic buffer (10 mM Tris HCl/0.1% EDTA, pH 7.8) and 

washed three times in PBS (1 h per wash). Samples were then immersed in detergent solution 

(0.2% Sodium Dodecyl Sulfate (SDS)/10 mM Tris HCl, pH 7.8) for 24 h, washed three times (20 

min per wash) with the hypotonic wash buffer (10 mM Tris HCl, pH 7.8) and incubated for 3 h, at 

37oC, in DNase solution (50 U/mL DNase I (AplliChem)/10 mM Tris HCl, pH 7.8). Three final 

washes in PBS were performed (20 min per wash) to remove residual detergent and DNase. 

Decellularized matrices were kept under sterile conditions, at 4oC in PBS supplemented with 1% 

P/S (Labclinics) and 1% fungizone (Alfagene) until use (<1 week). A schematic representation of 

the optimized protocol is provided in Figure 1A. 
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Sca-1+ cardiac progenitor cell culture conditions 

Immortalized adult Lin-Sca-1+ cardiac progenitor cells (iCPCSca1) [70] were expanded in 70% a-

minimum essential medium (Gibco): 30% Claycomb medium (Sigma-Aldrich), supplemented with 

10% FBS (Lonza), 1% P/S (Labclinics), 1% L-glutamine (Labclinics) and 10 mM HEPES (Lonza) 

and kept in culture in an atmosphere of 5% CO2, at 37oC. Cells were passaged and counted once 

they reached 80% sub confluence and all experiments were performed between passages 30-

37. 

 

Neonatal cardiomyocyte isolation 

Neonatal rat cardiomyocyte isolation was performed as described elsewhere [184]. Isolated cells 

were filtered through a 70 µm strainer (BD Falcon) and incubated 90 min in culture flasks at 37oC 

and 5% CO2 for cardiomyocyte enrichment. The supernatants containing cardiomyocytes were 

collected and cells counted. To assess the purity of cardiomyocyte preparation, 5.0x104 cells were 

fixed with 4% paraformaldehyde (PFA, EMS) and immobilized in glass slides by cytospin, dried, 

and subjected to immunostaining to detect cardiac troponin T (TroponinT) (mouse monoclonal 

IgG1, MS-295-P0, Thermo Scientific) and vimentin (mouse monoclonal IgG1/k, Thermo Scientific) 

positive cells. Images were captured on GE IN Cell Analyzer 2000 system (GE Healthcare Life 

Sciences) and cell counting performed in an automatic fashion assisted by IN Cell Developer 

Software (v1.9.2) (GE Healthcare Life Sciences). Cardiomyocyte isolation efficiency was 

determined as the percentage of cardiomyocytes per total number of cells. 

 

Cellular repopulation of decellularized cardiac scaffolds 

Prior to cell seeding, acellular scaffolds were incubated overnight at 4oC or 90 min at 37oC in cell-

specific media without FBS. Under a stereoscopic microscope (Olympus SZX10), decellularized 

matrices were transferred to a 96-well plate (2-3 matrices per well) and the cell suspension 

pipetted gently against the plate wall to attain a cell density of 1500 cells/mm2 for iCPCSca1 and 

7500 cells/mm2 for neonatal cardiomyocytes (CM). In all experiments fetal and adult-derived ECM 

were used for comparison as well as cell cultured on non-coated and fibronectin/gelatin coated 

tissue-culture polystyrene (TCPS) plates (2D controls) for iCPCSca1 and CM, respectively. The 

plate was incubated for 24 h (iCPCSca1) or 48 h (CM) under 37oC and 5% CO2 in a humidified 

chamber to allow cell adherence and, following that period, matrices were transferred to a 24-well 

plate and kept in culture for 8 (iCPCSca1) and 15 (CM) days. The medium was replaced every 2 

days. Calcein AM Cell Viability Assay (Invitrogen) was used to monitor cell viability throughout 
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the duration of the culture. For recolonization with mitotic inactivated cells, iCPCSca1 were 

irradiated (30Gy, Gammacell 1000, Nordion) prior culture. For ß1-integrin blockage, iCPCSca1 

(1500 cells/ml) were incubated with a neutralizing ß1-integrin antibody (LEAF™ Purified anti-

mouse/rat CD29 Antibody, armenian hamster IgG, 102209, BioLegend, final concentration of 20 

ml/mL) for 30 min, at 4oC, before seeding. During culture, half of the media was changed daily to 

assure continuous ß1-int integrin blockage (1 mg/mL). The same procedure was performed with 

the isotype control (LEAF™ Purified Armenian Hamster IgG Isotype Ctrl Antibody, armenian 

hamster IgG, 400916, BioLegend). 

 

Assessment of cell adhesion on decellularized cardiac scaffolds 

iCPCSca1 were seeded on fetal and adult-derived scaffolds according to the protocol described 

above at the following densities, 60, 300 and 1500 cells/mm2. Cells were left to adhere for 12 h 

and then matrices were fixed with 4% PFA for 15 min at room temperature (RT). Coverslips were 

mounted with Fluoroshield™ with DAPI (Sigma-Aldrich) and cell adhesion assessed using an 

inverted fluorescence microscope (Leica DMI 6000B). Cell counting and matrix area measures 

were performed using Fiji software (ImageJ). 

 

Histological assessment 

Decellularized and colonized matrices were fixed in 10% formalin neutral buffer (VWR BDH & 

Prolabo) with 0.03% aqueous eosin (Surgipath) for 2.5-3 h at RT or overnight at 4oC. For paraffin 

embedding, the samples were processed for 3 h in an automated system through successive 

PBS washes, crescent series of alcohols (Aga), Clear Rite 3® (Richard-Allan Scientific) and 

Shandon Histoplast (Thermo Scientific) at 56oC. Paraffin blocks were cut into 3 μm sections and 

then stained with Hematoxylin and Eosin (HE) or Masson Trichrome (MT) according to [23]. 

Sections were observed on an inverted microscope (Axiovert 200 M, Carl Zeiss) and the images 

captured with a heterochromatic camera (AxioCam HRC, Carl Zeiss) using the MosaiX software 

(AxioVision modules, Carl Zeiss). 

 

Immunostaining 

Paraffin and gelatin processed tissues were used for immunolabelling. Gelatin-embedded tissues 

were fixed and processed through a series of buffers with a crescent concentration in sucrose. 

Lastly, samples were incubated for 1 h at 37oC in 15% sucrose, 7.5% gelatin in PBS, and frozen 

on ice-cooled isopentane for posterior sectioning [185]. Paraffin sections were dewaxed, 



CHAPTER IV  | Three-dimensional scaffolds of fetal decellularized hearts exhibit enhanced potential to 
support cardiac cells in comparison to the adult 
 

64  

rehydrated and subjected to antigen retrieval by heat-induced or enzymatic epitope retrieval. For 

cytoplasmic or intra-nuclear epitopes, cells were permeabilized for 5 min in 0.2% or 0.5% Triton 

X-100, respectively. Tissue sections were blocked at RT for 1 h with 4% FBS and 1% bovine 

serum albumin (BSA, Sigma-Aldrich). When the primary antibody was produced in mouse the 

M.O.M.™ Immunodetection Kit (Vector Lab) was used. Incubation with primary antibody was 

performed for 2 h at RT or overnight at 4oC. Primary antibodies and respective working dilutions 

were: ß-actin (mouse monoclonal IgG2a, A2228, Sigma-Aldrich), at 1:100 dilution; cardiac 

Troponin T (TroponinT) (mouse monoclonal IgG1, MS-295-P0, Thermo Scientific), at 1:200 

dilution; Collagen type IV (rabbit polyclonal, AB756P, EMD Millipore), at 1:400 dilution; Collagen 

type I (mouse monoclonal IgG1, C2456, Sigma-Aldrich), at 1:100 dilution; Ki67 (rabbit polyclonal 

IgG, ab15580, Abcam), at 1:100 dilution; Fibronectin (rabbit polyclonal, F3648, Sigma-Aldrich), at 

1:400 dilution; Laminin (rabbit polyclonal, L9393, Sigma-Aldrich) at 1:100 dilution; Sca-1 (rat 

IgG2a,k, 553333, BD Pharmingen), at 1:100 dilution; TAZ (rabbit polyclonal IgG, sc-48805, Santa 

Cruz Biotechnology) at 1:100; Vimentin (mouse monoclonal IgG1/k, Thermo) at 1:50 dilution and 

YAP (mouse monoclonal IgG2a, sc-101199, Santa Cruz Biotechnology) at 1:100. The incubation 

with secondary antibodies was carried out for 1 h, at RT. Secondary antibodies and working 

dilutions were as follows: Alexa Fluor 594 donkey anti-mouse IgG (polyclonal, A-21203, Thermo) 

at 1:1000 dilution; Alexa Fluor 647 donkey anti-rabbit IgG (polyclonal, A31573, Thermo) at 1:1000 

dilution; Biotinylated anti-rabbit IgG (BA-1000, Vector Lab) at 1:200 dilution; Biotinylated anti-rat 

IgG (BA-9400,Vector Lab) at 1:200 dilution; Biotinylated MOM IgG (BMK-2202, Vector Lab) at 

1:250 dilution. When using a biotinylated secondary antibody, sections were incubated 20 min 

with Streptavidin conjugated with Alexa 555 (S-32355, Thermo) at 1:500 dilution. Sections were 

mounted using Fluoroshield™ with DAPI and images were acquired using an inverted 

fluorescence microscope (Leica DMI 6000B) with a monochromatic camera (ORCA, 

Hamamatsu). 

 

Western blot 

Protein extraction from native and decellularized tissues was performed at 4oC for 24 h in a buffer 

containing 4 M guanidine hydrochloride (Sigma-Aldrich), 3 M sodium acetate (Merck), 10mM 

EDTA (Sigma-Aldrich), and enriched with 1 mM of phenylmethylsulfonyl fluoride (PMSF, Sigma-

Aldrich), a protease and phosphatase inhibitor cocktail (Roche Diagnostics GmbH and Sigma, 

respectively) and 65 mM of freshly added dithiothreitol (DTT; Sigma-Aldrich). Due to the low 

protein recovery obtained from very small tissues, as the ones used in this study, a pool of 
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samples (E18 native, n=3-4; E18 decellularized n= 6-8; Adult native n=4-5; Adult decellularized 

n=15-20) was used for each experiment. Following centrifugation, supernatants were precipitated 

in 9 vol of ethanol for 2 h at 20oC. Samples were then centrifuged and the pellets resolubilized in 

a 7 M urea (SigmaAldrich), 2 M thiourea and 2% CHAPS (Sigma-Aldrich) buffer for further 

analysis. Proteins were quantified using the 2D Quant Kit (GE Healthcare) according to the 

manufacturer's instructions. Following denaturation for 10 min at 65oC, 25e50 mg of protein 

samples were separated by SDS/9% polyacrylamide gel electrophoresis and electroblotted onto 

a Hybond enhanced chemiluminescence (ECL) membrane (Amersham Biosciences GE 

Healthcare). After incubation with the primary antibodies (rabbit polyclonal anti-Fibronectin, sc-

9068, 1:1000 and goat polyclonal anti-COL1A1, sc-8784, 1:100) (Santa Cruz Biotechnology), the 

appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (anti-rabbit, 1:10000 

and anti-goat, 1:3000) were used. Then, ECL detection (Amersham Biosciences) was performed 

and the resulting bands were quantified using Quantity One® 4.6.6 Software (Bio-Rad). Values 

were normalized to the total protein loading (density of each corresponding lane) obtained 

following brief membrane staining with PageBlue e Coomassie Brilliant Blue G-250 (Thermo 

Scientific) after immunodetection, using a protocol adapted from [186]. Normalization was also 

performed using protein expression levels of adult LV explants as control. 

 

Whole mount immunostaining and optical clearing 

After decellularization, fetal and adult ECM were subjected to clearing as described elsewhere 

[187, 188] with minor modifications. Briefly, samples were fixed overnight at 4oC with 2% PFA 

containing 0.12 mM of calcium. Specimens were extensively washed with PBS, dehydrated by a 

crescent series of methanol solutions, 20%, 50%, 80%, 100% (v/v) and submerged in Dent’ Fix 

solutions (20% dimethyl sulfoxide (DMSO, Sigma-Aldrich): 80% methanol), overnight, at 4oC. 

After, Dent’ Fix Solution was renewed and samples incubated at 4oC, for 2 weeks. Decellularized 

samples were incubated in absolute methanol and stored at -20oC until further use. To initiate the 

immunofluorescence labelling, acellular specimens were hydrated through decreasing methanol 

series (80%, 50% and 20%) in PBS. Samples were further incubated in blocking solution (1% 

BSA, 20% DMSO in PBS) at RT for 2 h, with gentle rocking (15 rpm). Acellular bioscaffolds were 

then incubated with antibodies against fibronectin (rabbit polyclonal, F3648, Sigma-Aldrich, 

1:400), laminin (rabbit polyclonal, L9393, Sigma-Aldrich, 1:100) and collagen type IV (rabbit 

polyclonal, AB756P, EMD Millipore, 1:400) diluted in blocking solution for 18 h, at RT, with gentle 

rocking. Samples were washed in PBS and then rinsed 5 times (1 h each) in a high strength saline 
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(4xPBS) solution to remove non-specific bound antibodies. Samples were incubated with the 

secondary antibody Alexa Fluor 488 Goat anti rabbit IgG F(ab')2 (A-11070, Molecular Probes) 

diluted in blocking solution, overnight at 4oC, under gentle rotation and protected from light. A new 

set of washes were performed with PBS and prior to a long wash in 4xPBS for 48 h. A final fixation 

step was performed with 2% PFA for 2 h at RT. Samples were dehydrated and stored at -20oC 

until further use. To perform optical clearing, samples were brought to RT and cleared by a 

crescent series of methyl salicylate (Sigma-Aldrich) to obtain a translucent appearance. Samples 

were mounted in absolute methyl salicylate between coverslips and stack images acquired by 

confocal microscopy (Leica SPE). 

 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

For SEM analysis, acellular and colonized scaffolds were fixed with 2.5% (v/v) glutaraldehyde 

(AGAR Scientific) in 0.1 M sodium cacodylate (Fluka) and 0.03% aqueous eosin for 30 min, under 

gentle stirring (50 rpm). Then, samples were washed with 0.1 M sodium cacodylate buffer, 

dehydrated through a crescent series of ethanol solutions, 20, 50, 60, 70, 80, 90, and 99% (v/v) 

for 10 min each and stored in absolute ethanol until subjected to critical point drying. Dried 

samples were immobilized on a carbon tape, puttered-coated with gold and examined using a 

FEI Quanta 400FEG ESEM/EDAX Genesis X4M electron microscope by a backscatter detector. 

Collagen fiber analysis was performed by TEM after samples were fixed with 2.5% glutaraldehyde 

and 4% PFA in 0.1 M sodium cacodylate, overnight at 4oC. After washing in 0.1 M sodium 

cacodylate, a post-fixation of 1 h was performed with 2% osmium tetroxide (EMS) in 0.1 M sodium 

cacodylate followed by 30 min incubation with 2% uranil acetate (EMS) in deionized water, at 

room temperature. Samples were then dehydrated through a crescent sequence of alcohols and 

included in Epon 812 (EMS). 50 nm ultrathin sections were obtained using a diamond knife and 

collected on copper grids. Ultrathin sections were double contrasted with uranyl acetate (aqueous 

saturated solution) during 1 min and lead citrate during 3 min. Digital images were acquired using 

a Jeol JEM 1400 electron microscope coupled by a Orius 1000w. Fiber diameter was measured 

manually using Fiji software. 

 

DNA extraction and quantification 

DNA was extracted using the PureLink Genomic DNA Mini Kit (Invitrogen). Due to minimal weight 

kit criteria for an efficient DNA extraction, a pool of 5 fetal hearts and 10 adult LV decellularized 

explants were used for DNA extraction. Briefly, complete tissue lysis was achieved with the 
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PureLink Genomic Digestion Buffer and Proteinase K, at 55oC. Following RNA removal, genomic 

DNA was purified via spin column-based centrifugation method and quantified by Quant-iT™ 

PicoGreen® dsDNA kit (Invitrogen) according to manufacturer's instructions. The fluorescence 

was measured and DNA concentration of each sample calculated based on the high and low-

range standard curves acquired. All samples were run in triplicate. 

 

Assessment of apoptotic cells 

To detect apoptotic events on colonized matrices, paraffin sections were subjected to Tunel assay 

using the ApopTag Fluorescein In Situ Apoptosis Detection Kit (Chemicon). Images were 

captured with a monochromatic camera (ORCA, Hamamatsu) on an inverted fluorescence 

microscope (Leica DMI 6000B). Cell counting were performed using Fiji software. 

 

Quantification of bioscaffold colonization 

Repopulated ECMs were subjected to paraffin embedding, sectioning (3 μm sections thickness) 

and DAPI counter-staining for cell visualization. The number of sections counter-stained for each 

sample was proportional to the total number of obtained sections (minimum of 3 sections) and 

were representative of different regions of the matrices. For each section analyzed, a complete 

image of the colonized ECM was obtained through Mosaic acquisition. Images were posteriorly 

processed using Fiji software in order to quantify the colonization indexes, i.e., the number of cells 

in the core (cells/mm2) and surface (cells/mm) of ECM (green auto-fluorescence (autoFL)). Data 

from independent experiments was normalized to the adult ECM-matrices condition and 

expressed as fold change. 

 

Real-Time quantitative reverse transcription PCR (qRT-PCR) 

Total RNA was isolated from a pool of fetal and adult bioscaffolds 8 days after recolonization with 

iCPCSca1 (E18, n=14; Adult, n=18) using RNEasy Mini kit (Qiagen). cDNA was produced by 

reverse transcription using PrimescriptTM RT reagent Kit (Takara) and preamplified using the 

SsoAdvancedTM PreAmp Supermix (Biorad). qRT-PCR was performed by using the iQSYBR 

Green SuperMIX (Biorad) and according to the iQ5 Real-Time PCR Detection System (BioRad). 

Primer sequences and temperature cycles are available on Supplementary Table 1. mRNA 

expression was defined as primer efficiency to the power of the difference in threshold cycle 
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values between the reference gene (GAPDH) and the gene of interest. Values were normalized 

to the expression of iCPCSca1 cultured in adult matrices and are presented as fold-change. 

 

Statistical analysis 

All results were obtained in three independent experiments, unless otherwise stated, and shown 

as mean ± standard error of the mean (SEM). The statistical analysis of the data was performed 

using GraphPad software. p < 0.05 was considered statistically significant. Whenever normality 

was verified the t-Student test was applied and the Independent- Samples Mann-Whitney U test 

was used for the remaining analyses. 
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RESULTS 

 
Parallel decellularization of fetal and adult heart explants  

To obtain a reliable comparison and characterization of fetal and adult ventricular tissue, a 

protocol for efficient decellularization of both tissues was developed. As the fetal E18 heart is 

smaller (~13-fold) than the adult heart, we compared E18 fetal hearts to adult left ventricles (LV) 

explants of similar size (Figure 1C). A three-step procedure was established using low detergent 

concentrations (Figure 1A). Distinct SDS concentrations (0.1, 0.2, 0.5, 1.0%) were tested and 

combined with other detergents previously used for heart decellularization, such as Triton X-100 

and Saponin (Supplementary Figure 1A). SDS as the sole decellularization agent resulted in 

better removal of cytoplasmic and nuclear constituents as evaluated by Hematoxylin and Eosin 

stain (HE) (Supplementary Figure 1A, B). Treatment with 0.2% SDS was chosen for further 

analysis, as it provided an adequate compromise between efficient cell removal and retention of 

ECM network integrity (Figure 1C; Supplementary Figure 1A, B). Following decellularization the 

obtained matrices are translucent-to-white and maintained their anatomical arrangement and size 

(Figure 1C). This was particularly evident in fetal hearts, in which the preservation of atria and 

ventricles was evident macroscopically (Figure 1C). Fetal and adult bioscaffolds are fragile and 

malleable materials that undergo reversible shape alterations namely expansion when immersed 

and shrinkage when not immersed (Figure 1B and Supplementary video 1). Histological analysis 

by HE indicated the absence of nuclear and cytoplasmic material, while highlighting distinct 

network patterns between fetal (E18) and adult ECM. Fetal bioscaffolds displayed less organized 

pores that nested immature CM during heart development. In contrast, adult LV explants revealed 

a honeycomb network that surrounded mature rod shaped CM of the adult heart (Figure 1C). 

Conservation of vascular structures was evident in both fetal and adult bioscaffolds (Figure 1C, 

HE, arrow head). Masson Trichrome staining (MT) further evidenced the well-preserved ECM 

structure after decellularization, as demonstrated by a blue network of collagen fibers (Figure 1C, 

MT). Effective removal of main cellular constituents was confirmed by immunofluorescence 

against abundant cellular proteins. Hence, the absence of specific staining of troponin T, a 

constituent of CM contractile apparatus, and vimentin, an intermediate filament present in 

fibroblast and endothelial cells, indicated efficient clearance of CM and fibroblasts/endothelial 

cells, respectively (Figure 1C). The DNA content of bioscaffolds was assessed by DAPI counter-

staining and DNA quantification. Both fetal and adult bioscaffolds revealed no defined nuclei or 

diffuse nuclear material (Figure 1C and Supplementary Figure 1B). These findings were further  
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corroborated by a ~99.8% reduction to less than 5 ng dsDNA/ mg wet tissue in decellularized 

ECM, when compared with the respective non-manipulated tissues (Figure 1D). Supplementary 

Figure 1. Parallel decellularization of fetal (E18) and adult cardiac tissue. A. Schematic view of the 
decellularization procedure. B. Photograph of the decellularized tissue evidencing shape alterations 
under immersed versus non-immersed conditions. Scale bar, 1mm. C. Representative images of ECM 
macroscopy, Hematoxylin and Eosin stain (HE), Masson Trichrome (MT) stain and immunofluorescence 
for cardiac troponin T (Troponin T), vimentin and DAPI of decellularized and native fetal and adult 
myocardium. Arrowhead: blood vessels. AutoFL: autofluorescence. Scale bar, 1 mm (macroscopy), 
100 μm (HE and MT) and 50 μm (immunofluorescence). D. PicoGreen DNA quantification of 
decellularized and native fetal and adult myocardium. Representative images and quantitative data were 
obtained from three independent experiments. Data are expressed as mean ± SEM. Student's t-test, 
two-tailed *p < 0.05. 

Figure 1. Parallel decellularization of fetal (E18) and adult cardiac tissue. A. Schematic view of the 
decellularization procedure. B. Photograph of the decellularized tissue evidencing shape alterations 
under immersed versus non-immersed conditions. Scale bar, 1mm. C. Representative images of ECM 
macroscopy, Hematoxylin and Eosin stain (HE), Masson Trichrome (MT) stain and immunofluorescence 
for cardiac troponin T (Troponin T), vimentin and DAPI of decellularize and native fetal and adult 
myocardium. Arrowhead: blood vessels. AutoFL: autofluorescence. Scale bar, 1 mm (macroscopy), 
100 μm (HE and MT) and 50 μm (immunofluorescence). D. PicoGreen DNA quantification of 
decellularized and native fetal and adult myocardium. Representative images and quantitative data were 
obtained from three independent experiments. Data are expressed as mean ± SEM. Student's t-test, 
two-tailed *p < 0.05. 
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data related to this article can be found online at 

http://dx.doi.org/10.1016/j.biomaterials.2016.06.062. 

 

ECM composition of fetal and adult-derived bioscaffolds 

Fetal (E18) and adult bioscaffolds were then characterized according to their biochemical 

composition and structural organization to confirm the preservation of main cardiac ECM 

elements and to identify features specific of each analyzed stage. The distribution and pattern of 

ECM molecules, such as components of the pericellular matrix (fibronectin), basal lamina (laminin 

and collagen type IV), and stromal matrix (collagen type I) were assessed side-by-side with non-

manipulated tissue. When compared to the fetal myocardium, basement membranes were better 

organized in adult LV, as demonstrated by a well-defined labelling of laminin, forming a 

honeycomb structure. Laminin showed homogenous distribution throughout adult myocardium 

(Figure 2A). Conversely, collagen type IV was more abundant in the subepicardial region 

surrounding CM than in the subendocardial region, where it was mainly restricted to the 

endocardium and trabeculae (Supplementary Figure 2). These observations are consistent with 

the maturation of basement membrane that occurs in late developmental stages [189-191] . 

Interestingly, the pattern of laminin and collagen type IV of decellularized heart matrices 

resembled their distribution in the native tissue (Figure 2A). The most evident differences between 

the fetal and adult myocardium, and the respective decellularized counterparts, were in the 

amount and meshwork pattern of fibronectin and collagen type I. Fetal ECM exhibits extensive 

fibronectin with a fibrillary-like arrangement, in contrast to the adult cardiac tissue which exhibited 

lower fibronectin content with discrete distribution (Figure 2A). Abundant collagen type I was 

found to be widely distributed throughout the myocardium in native and decellularized adult LV, 

whereas in fetal bioscaffolds an overall scarcity of this structural ECM protein was observed 

(Figure 2A). Western blot results corroborated immunofluorescence observations indicating 

higher levels of fibronectin (272 kDa) in fetal bioscaffolds and a consistently higher amount of 

mature collagen type I (94 kDa) in adult native and decellularized myocardium (Figure 2B, 

Supplementary Figure 3). 

To capture the 3D porous meshwork of fetal and adult bioscaffolds whole mount immunostaining 

was performed using a cocktail of antibodies (anti-fibronectin, -laminin, -collagen type IV). This 

strategy was combined with tissue optical clearing that makes the sample more transparent, thus 

reducing the scattering and increasing the penetration of light [192]. This approach showed that  
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Figure 2. Biochemical and structural characterization of fetal (E18) and adult bioscaffolds. A. 
Side-by-side comparison of immunofluorescence for main ECM components before and after 
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fetal bioscaffolds are composed of a loose meshwork with thin and irregular basement 

membranes (Figure 2C and Supplementary video 2), which was further confirmed by transmission 

electron microscopy (TEM) (Figure 2D). Nonetheless, the typical histological arrangement of 

compact and trabecular myocardium was evident (Figure 2C). On the other hand, adult 

bioscaffolds were characterized by brightly-stained and thick basement membranes (Figure 2C-

D and Supplementary video 3), which likely reflects the complete assembly of the laminin and 

collagen type IV networks. Nevertheless, fetal (E18) and adult bioscaffolds display a similar 

percentage of porous area, 50.50 ± 3.09% and 55.00 ± 1.02%, respectively (Supplementary 

Figure 4). The nanostructure of fetal and adult bioscaffolds was evaluated by scanning electron 

microscopy (SEM). Both acellular scaffolds exhibited complex fiber network with a distinct range 

of fiber diameters. Fetal bioscaffolds evidenced a meshwork of poorly defined pores, constituted 

by frequently aligned and coiled fibril bundles (Figure 2E). Fibril bundles of the fetal bioscaffolds 

were mainly nanofibers (<0.1 mm) or slender microfibers (0.1-0.3 mm diameter) (Figure 2F). Adult 

bioscaffolds were mainly composed (66.42% ± 1.28) of intertwined nanofibrils (<0.1 mm) (Figure 

2E,#) demarking the cell lacunae that once nested mature CM (Figure 2E-F). Of note, regions of 

thick microfibers (>0.3 mm) were also identified scattered throughout the adult bioscaffolds 

(Figure 2E,*). SEM further confirmed that decellularization efficiently removed endothelial cells 

while preserving the basement membrane of blood vessels (Figure 2E, bottom right). The integrity 

of the collagen fibers post-decellularization was confirmed by TEM and SEM through the 

identification of clusters of collagen fibrils evidencing typical transverse periodic striations (Figure 

2G) [193]. Of note, the quantification of unit fibril diameter showed that fetal collagen displays 

thinner units (18.72 nm ± 0.52) when compared to the adult counterpart (42.34 nm ± 0.55) (Figure 

2G). 

 

decellularization. Scale bar, 100 µm. B. Quantification of fibronectin and mature collagen type I by 
Western blot. C. and D. Detail of the basement membrane and pericellular matrix obtained following 
whole mount immunostaining and optical clearing (C.) and by TEM (D.). Scale bar, 50 μm (C.) and 2 μm 
(D.). E. Representative images of fetal (E18) and adult decellularized scaffolds surface by SEM. Scale 
bars are identified in the image. # nanofibrils (<0.1 μm), *thick microfibers (>0.3 μm). F. Bar graph shows 
the percentage of fibrils with different diameters following quantification on SEM images G. 
Representative images of collagen fibers obtained by SEM (left) and TEM (right) on tissue ultra-thin 
sections. Bar graph shows the mean diameter of fibril units. Scale bar, 1 μm. Representative images 
and quantitative data were obtained from two or three (Western blot) independent experiments. Data 
are expressed as mean ± SEM. Student's t-test, two-tailed, *p < 0.05, **p < 0.01, ***p < 0.001. 
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Colonization of bioscaffolds with neonatal cardiomyocytes 

We first assess cytocompatibility and bioactive potential of fetal and adult microenvironments 

using an enriched preparation of neonatal CM (96%). Considering the high number of fetal hearts 

required for each experiment, fetal ventricles were sectioned coronally so that the same could be 

used in duplicates. Because, no major differences were identified on fibers arrangement (Figure 

2E Fetal Core, Supplementary Figure 5) and in cellular colonization, between whole-ventricles 

and coronal sliced fetal hearts (Supplementary Figure 5), all subsequent experiments were 

performed using the latter. Neonatal CM were allowed to adhere on decellularized scaffolds and 

cultured for 15 days. Following this period cell viability, apoptosis, proliferation and density was 

evaluated at the surface and in the interior (hereafter referred to as “core”) of the bioscaffolds. 

Cell viability was evaluated every second day by calcein assay which demonstrated that at the 

ECM surface cells were viable throughout the culture period (Figure 3A). Importantly, both fetal 

and adult matrices supported neonatal CM beating as demonstrated by contraction of discrete 

regions of the bioscaffolds (Supplementary video 4).  

Noteworthy, only fetal acellular matrices supported synchronous contraction of extended regions 

(Supplementary video 5). To further evaluate the cellular dynamics at the interior of bioscaffolds, 

they were fixed and subjected to histological sectioning. The number of cells at the bioscaffolds 

surface and core was assessed as a fraction of the number of nuclei (DAPI) per matrix perimeter 

(mm) and area (mm2), respectively. Data across experiments was normalized to adult bioscaffolds 

and expressed as fold change. Quantification revealed a higher colonization index on fetal 

bioscaffolds, when compared with the adult counterpart, at the bioscaffold surface (1.58 ± 0.09-

fold increase), which was accompanied by more robust cell migration to the interior of the 

bioscaffolds (2.37 ± 0.24-fold increase) (Figure 3B). Of note, at the culture end-point no statistical 

differences or trends were observed in proliferative events (determined as the percentage of cells 

stained with the proliferation marker Ki67) and apoptotic rates (determined as the percentage of 

cells stained with Tunel) between fetal and adult bioscaffolds (Figure 3C). Supplementary data 

related to this article can be found online at http://dx.doi.org/10.1016/j.biomaterials.2016.06.062. 

Despite the fact that our neonatal CM preparation was 96% pure at the isolation day, residual 

fibroblasts, which have higher proliferation rates and commonly overtake primary cell cultures, 

also colonized the bioscaffolds (Figure 3D-E, Supplementary Figure 6). To distinguish CM from 

fibroblasts within bioscaffolds we analyzed the cells by immunofluorescence for specific markers, 

i.e. troponin T and vimentin, respectively (Figure 3E). Both CM and fibroblasts showed elongated  
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Figure 3. Repopulation of fetal (E18) and adult bioscaffolds with an enriched preparation 

of neonatal cardiomyocytes. A. Calcein staining showing viable cells adhered to the surface of 
bioscaffolds throughout the culture period. Z-project, maximum projection. Scale bar, 100 μm. B. 
Colonization indexes at the surface and on the interior (core) of the bioscaffolds following 15 days 
in culture. Data are expressed as mean ± SEM. Student's t-test, two-tailed, ***p < 0.001. C. 
Quantitative data on cell proliferation and apoptosis rates on the bioscaffolds surface and in the 
core 15 days after seeding. Data are expressed as mean ± SEM. Mann Whitney test, two-tailed. D. 
Bar graphs show the proportion of cardiomyocytes and fibroblasts at the isolation day and 
following 15 days of culture on bioscaffolds. Data are expressed as mean ± SEM. Student's t-test, 
two-tailed, *p< 0.05. E. Representative images of immunostaining for cardiomyocytes (detected 
by troponin T) and fibroblasts (detected by vimentin). Scale bar, 100 μm. Quantitative data 
obtained from three independent experiments are presented. 
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morphology at the surface and in the interior of fetal and adult bioscaffolds (Figure 3E). A 

significant fold increase in CM and fold decrease in fibroblasts was observed at the surface of 

fetal-derived scaffolds. Contrarily, a similar proportion of both cell types was found in the core of 

fetal and adult acellular matrices (Figure 3D). 
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Colonization of decellularized scaffolds with heart-derived precursor cells 

In order to determine the potential of fetal and adult acellular matrices as support 

microenvironments for precursors cells, immortalized adult iCPCSca1, a well characterized cell-line 

of mouse Sca-1+ cardiac progenitors [70], was used for recolonization. Cells were seeded on the 

bioscaffolds at different densities and, 12 h post seeding, the number of adherent cells was 

quantified. As expected, the number of cells adherent onto the bioscaffolds surface was 

proportional to the plating density (Supplementary Figure 7). No difference in cell density between 

bioscaffolds and the 2D control was found, showing there is no adhesion preference to any of the 

conditions (Supplementary Figure 7). The higher cell density (1500 cells/mm2) was used on 

following experiments as it showed similar adherence efficiency between fetal and adult scaffolds 

and greater number of cells available to enter the bioscaffolds. Throughout the culture period, 

calcein staining evidenced viability of cells at the surface of the bioscaffolds (Figure 4A). After 8 

days in culture, HE stain showed that iCPCSca1 cells were able to repopulate the interior of the 

structures (Figure 4C). At the surface, iCPCSca1 were fully spread and interacted with the ECM via 

lamellipodia (*) and filopodia (arrow heads) (Figure 4B). When entrapped in the bioscaffolds, 

iCPCSca1 also spread fully, forming interconnected multicellular networks (Figure 4D1, D2) and 

synthesized their own basement membrane as evidenced by the production of laminin (Figure 

4E). The number of cells at bioscaffolds surface and core was assessed as before. Importantly, 

the colonization indexes at the surface and in the interior of fetal bioscaffolds were increased 1.36 

± 0.07 and 2.34 ± 0.16-fold, respectively, when compared to the adult (Figure 4F). To determine 

if these findings correlate with distinct levels of cell proliferation and/or apoptosis, we quantified 

these events within scaffolds at the culture end-point, however no statistical difference was 

detected (Figure 4G). To further clarify a presumptive mitogenic effect of the fetal and adult 

bioscaffolds, non-irradiated and irradiated cells (30 Gy) were seeded in parallel. Following 

irradiation, the number of iCPCSca1 at the surface of fetal and adult bioscaffolds was reduced by 

0.40 and 0.27-fold, respectively, resulting in similar cell yields at both stages. Similarly, irradiation 

affected the number of iCPCSca1 inside fetal (0.42-fold) and adult (0.36-fold) scaffolds (Figure 5A). 

Fibronectin has been shown to induce the proliferation of cardiac progenitor via ß1-integrin [193]. 

To investigate whether ß1- integrin was required for iCPCSca1 fetal (E18) bioscaffold colonization, 

we incubated the cells with a ß1-integrin-blocking antibody prior to seeding. The numbers of 

iCPCSca1 were reduced at the surface, particularly when ß1-integrin-blocking was combined with 

mitotic impairment through irradiation (Supplementary Figure 9). No differences were   
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Figure 4. Colonization of fetal (E18) and adult ECM bioscaffolds with adult heart-derived Sca-

1+ progenitors (iCPCSca1). A. Representative images of calcein staining showing viable cells adhered to the 
surface throughout the culture period. Z-project, maximum projection. Scale bar, 200 μm. B. SEM analysis 
of the surface of the bioscaffolds after 8 days in culture evidencing iCPCSca1 (blue artificial color) lamellipodia 
(*) and filopodia (arrow heads). Scale bars 40 μm (left) and 5 μm (right). C. HE stain on central sections of 
the bioscaffolds after 8 days in culture. Scale bar, 100 μm. D. Immunofluorescence for β-actin evidencing in 
the interior of the bioscaffolds cells with oriented alignment (D1), that repopulated the interior of vessels (D2, 
arrow heads) and displayed collective-like migration (D2, *). E. Immunofluorescence for laminin in the interior 
of the bioscaffolds. F. Colonization index of cells adhered to the surface and on the interior (core) of 
bioscaffolds following 8 days in culture. Data are expressed as mean ± SEM. Student's t-test, two-tailed, 
**p < 0.01, ***p < 0.001. G. Quantitative data regarding the proliferative and apoptotic rates at the 
decellularized matrix surface and core 8 days after seeding. Data are expressed as mean ± SEM. Mann 
Whitney test, two-tailed. 
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detected in the colonization index of the bioscaffold core, even when ß1-integrin-blocking was 

combined with cell irradiation (Supplementary Figure 8). Acknowledging the therapeutic potential 

of adult cardiac progenitors, which relies largely on the production of paracrine factors [10], the 

expression of important instructive molecules was evaluated in iCPCSca1 colonized scaffolds. 

iCPCSca1 in fetal bioscaffolds showed increased expression levels of Fn1, Tgfb1, Postn and Hbegf 

(Figure 5C). In addition, the col1a1/col3a1 ratio was reduced by 100-fold in fetal bioscaffolds 

embedded cells (Figure 5C). Immunofluorescence analysis of iCPCSca1 repopulated bioscaffolds 

showed no evidence of cell differentiation in CM or endothelial cells by the lack of expression of 

troponin T and CD31, respectively (Supplementary Figure 9). A fundamental role of paralog 

proteins YAP and TAZ on mechano-sensing and migration of cardiac progenitor cells has been 

recently demonstrated [154]. To assess whether this pathway is activated during iCPCSca1 

bioscaffold colonization, we evaluated the subcellular location of these two proteins by 

immunofluorescence. YAP and TAZ were mainly localized in the cytoplasm of cells cultured on 

2D controls, whereas translocation to the nucleus was evident in cells on both fetal and adult 

bioscaffolds, implicating that this pathway is activated during re-population in a 3D structure 

(Figure 5B). 

 

 
Figure 5. Fetal (E18) and adult bioscaffolds colonization mechanisms. A. Colonization index of non-
irradiated and irradiated iCPCSca1 adhered to the surface and on the interior (core) of decellularized matrices 
following 8 days in culture. Immunofluorescence on 2D controls confirms the absence of proliferative events 



CHAPTER IV  | Three-dimensional scaffolds of fetal decellularized hearts exhibit enhanced potential to 
support cardiac cells in comparison to the adult 
 

80  

(Ki67+cells) following irradiation. Scale bar, 40 μm. Data are expressed as mean ± SEM. Mann Whitney 
test, two-tailed, *p < 0.05, **p < 0.01, ***p < 0.001. B. Immunofluorescence for YAP/TAZ on 2D controls 
and on the bioscaffolds. Scale bars 40 μm (2D) and 100 μm (3D). C. Relative fold-change in gene 
expression of extracellular matrix molecules and growth factors by iCPCSca1 after 8 days in culture. 
Representative images and quantitative data obtained from three (A, B) and one (C) independent 
experiments are presented. 
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DISCUSSION 

Following myocardial ischemia, the heart undergoes pronounced ECM remodeling associated 

with permanent loss of CM, the main working component of the functional organ [168]. Cell- and 

biomaterial-based therapies have increasingly been devised to compensate for the loss of CM, 

although relevant cardiac tissue recovery has not been reported to date [171, 173, 174, 194]. 

Thus, heart transplantation is still the only reliable solution for heart failure. Decellularized tissues, 

from allogeneic and xenogeneic origin, have been intensively investigated in distinct therapeutic 

scenarios over the last decade [195-198] . Despite the high potential of decellularized tissues, 

some of which are already available for clinical application [103], these biomaterials display 

several limitations, namely the extent to which they are repopulated by cells of interest, batch-to-

batch variability and activation of host immunogenic response. A further limitation is the lack of 

knowledge on features that modulate organ morphogenesis/ regeneration which might, in the 

future, be replicated ex vivo. After an early advent of tissue decellularization methodologies, the 

interest in bioscaffolds as modulators of cellular response, with implications in regenerative 

medicine, has increased sharply in recent years [158, 173]. Whereas during development the 

heart increases in size as a result of CM proliferation, after birth myocardial expansion is mainly 

due to physiologic hypertrophy of mature CM. Interestingly, the transition from a hyperplasic to 

hypertrophic CM behavior is accompanied by a significant remodeling of the extracellular 

environment. In addition, several ECM and ECM-associated factors have been identified as 

critical regulators of CM proliferation during morphogenesis [58, 199, 200]. For this reason and 

envisaging the engineering of more efficient and biomimetic materials for cardiac repair, we 

compared the fetal (E18) and adult myocardial microenvironment and investigated their potential 

as 3D biocompatible bioscaffolds for repopulation with cardiac cells. In order to preserve tissue-

specific ECM composition, 3D structural organization and tissue biospecific signals (e.g. growth 

factors, cytokines and proteases), we developed a decellularization protocol allowing parallel 

decellularization of whole fetal hearts and adult LV explants, while assuring a reliable comparison 

between both microenvironments by eliminating differences inherent to the use of distinct 

procedures. The decellularization of adult organs, in contrast to fetal tissues [94, 157, 201], has 

been extensively reported [102, 175]. Decellularization of fetal hearts has only been reported 

recently [94, 202]. Based on these studies, we identified a low SDS-based protocol (0.2%) that 

provides efficient cellular and DNA removal while preserving ECM biochemical composition and 

structure. Hence, our data satisfies the minimal criteria proposed by Crapo and colleagues in 
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2011 [103] regarding the efficiency of decellularization. Other detergent combinations were also 

tested although without success. High SDS concentrations (0.5% and 1%) resulted in complete 

disruption of the acellular scaffolds. On the other hand, 0.1% SDS or SDS combined with triton 

X-100 or saponin lead to inefficient decellularization, confirmed by the identification of nuclear 

and/or cytoplasmic remnants, respectively (Supplementary Figure 1A). The protocol developed 

herein has also been efficiently used in a variety of tissues from different species [203]. In this 

study, the parallel decellularization of fetal and adult hearts preserved the main ECM hallmarks 

of the myocardium from a late developmental stage and the working mature myocardium, 

respectively. Similar to others reports [94, 191], our findings show that the fetal myocardium, when 

compared to the adult, is abundant in fibronectin and rather scarce in collagen type I. The 

preponderance of fibronectin in fetal tissues is likely the best illustration of the high instructive 

microenvironment established in heart development, because this molecule orchestrates multiple 

fundamental cellular processes such as adhesion, migration, proliferation and differentiation [58, 

204]. Age-related alterations in fibrillary collagen type I are crucial for the maintenance of heart 

architecture, electrical coupling, increase of stiffness and consequent higher force generation for 

blood pumping [204, 205]. SEM analysis showed that fetal bioscaffolds are mostly constituted by 

coiled bundles of fibrils organized in similar directions, forming an anisotropic meshwork of 

slender fibers. These coiled structures certainly contribute to the higher elasticity found in 

developing hearts and that readily decreases, along with CM maturation, around the time of birth 

[206]. The adult bioscaffolds microstructure was mainly comprised of bundles of nanofibrils, 

forming fibril microthreads that envelope myocytes (Figure 2E,#). These intercellular struts are 

often attached to CM, near the Z-band level, bridging cells and filling the ECM of the endomysium 

[207]. Of note, discrete regions of thick fibers were observed in the adult bioscaffolds (Figure 

2E,*), which most likely are part of the perimysium (connective tissue that surrounds groups of 

myocytes). We further observed that the unit fibrils of fetal collagen were smaller in diameter when 

compared to the collagen found in the adult heart. A similar portray has been described for the 

human heart where an age-related thickening of collagen unit fibrils was observed [208]. In the 

cardiac muscle, each CM is enclosed by a basement membrane, composed of a layered 

assembly of laminin, collagen type IV, glycoproteins, and proteoglycans that provides attachment 

site(s) for the cell. The presence of a basement membrane within a decellularized matrix likely 

affects the growth pattern of selected cell populations. Whole mount immunostaining combined 

with optical clearing and TEM evidenced differences in terms of the basement membrane in fetal 

versus adult bioscaffolds. Although both adult and fetal ECM (native and decellularized) display 
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laminin and collagen type IV as main constituents of their basement membrane, the latter in the 

adult is thicker and better structured. These findings are in line with the histological organization 

of the respective native tissues. Whereas during fetal CM are immature and the myocardium 

displays limited organization, in adulthood the myocardium harbors rod shaped mature CM with 

well-organized myofibrils [25, 209]. The bioscaffolds herein produced retained native vascular 

conduits (Figure 2E) which, in the skeletal muscle, have been shown to improve acellular matrices 

engraftment with the host vasculature in vivo [210]. In fact, perfused scaffolds facilitate in vivo 

construct anastomosis and colonization by host cells and, thus, several strategies have been 

emerging for the development of vasculature conduits in tissue engineering constructs [182, 210-

212]. Fetal and adult bioscaffolds could be repopulated by both neonatal CM and iCPCSca1 with 

excellent viability, proliferation, motility, as well as ability for remodeling the supporting ECM. A 

similar iCPCSca1 adhesion profile was found on fetal and adult bioscaffolds, however we cannot 

exclude the existence of distinct cell-ECM adhesion forces as a result of differential activation of 

adhesion molecules at the cellular surface due to biochemical and structural differences between 

bioscaffolds [213]. Of interest, the repopulation efficiency was higher in fetal bioscaffolds, a 

fibronectin-rich ECM. Indeed, fibronectin expression during heart regeneration in zebrafish and 

newts, constitutes a relevant ECM substrate for cell migration to the injury site [182]. Moreover, 

fibronectin has been shown to promote the proliferation of cardiac progenitors [193] and CM [58] 

through ß1-integrin signaling. To investigate whether improved cellular yields relate to a mitogenic 

effect of the fetal microenvironment, cells were irradiated prior to seeding. Reduction in the 

number of iCPCSca1 at the bioscaffolds surface and core was more pronounced in the fetal 

bioscaffolds. In addition, following this treatment, similar cell yields were obtained at the surface 

of both ECM preparations. These findings indicate that proliferation is the main mechanism 

responsible for a higher proportion of cells at the surface of fetal bioscaffolds. On the other hand, 

although proliferation seems to partially explain the differential repopulation rates inside fetal 

bioscaffolds, other mechanism/s remain undisclosed. The presence of a well-preserved 

basement membrane, such as the one present in the luminal surface of the urinary bladder, has 

been shown to impair the cellular invasion of decellularized scaffolds [164]. Indeed, the thick 

basement membrane of the adult ECM may constitute an effective barrier to efficient penetration 

of the bioscaffold by seeded cells and, thus, contribute to the reduced performance of this 

microenvironment. At the culture end point, the mitogenic effect of fetal matrices was no longer 

noticeable, as indicated by the similar proliferative events detected on of fetal and adult 

bioscaffolds. This is most likely explained by ECM degradation and remodeling resultant from cell 



CHAPTER IV  | Three-dimensional scaffolds of fetal decellularized hearts exhibit enhanced potential to 
support cardiac cells in comparison to the adult 
 

84  

adhesion and migration to the interior of the bioscaffold. Interestingly, within the bioscaffold, cells 

commonly displayed single to collective migration encompassing ECM degradation, evident by 

the lack of ECM structural components surrounding cells and production of their own ECM 

components (Figure 4E). Our results further demonstrated that ß1-integrin was not involved in 

the proliferation of cells at the surface and inside the bioscaffolds or in the cell migration toward 

the center of the bioscaffolds. ß1-integrin signaling seems rather to be primarily involved in cellular 

adhesion to the surface of bioscaffolds. Our findings further demonstrate that fetal and adult 

bioscaffolds instruct cells to differentially produce ECM constituents. Fetal bioscaffold leads to a 

decreased Cola1/Cola3 ratio characteristic of the developing heart and that has been suggested 

to contribute to the scarless phenotype seen in early stages of gestation [214]. Moreover, a 

decreased ratio of these two collagen forms has been shown to improve tissue remodeling in 

response to myocardial infarction [215]. In line with the induction of a more regenerative ECM, 

fetal matrices also enhanced the expression of paracrine factors by Sca-1 cardiac progenitors, 

namely Tgfb1, Postn, Hbegf and Fn1. Each of these factors has been shown to act as CM 

mitogens and to improve cardiac repair [58, 193, 216, 217]. 

A main objective of cardiac tissue engineering is to produce matrices that promote CM viability, 

electromechanical coupling and contractile function. Following bioscaffolds repopulation with a 

neonatal CM-enriched preparation, fetal bioscaffolds evidenced higher percentage of adhered 

CM at surface in comparison with the adult. These findings are in line with results obtained using 

a 2D setting and a non-purified culture of isolated heart cells. In such conditions, Williams and 

colleagues demonstrated that fetal ECM is a more selective environment for CM adhesion and 

proliferation [94]. Our data further showed that migration towards the center of the bioscaffold is 

not favored for a particular cardiac cell-population. The use of bioactive scaffolds that promote 

cell permeation has the potential to overcome constrains of insufficient and/or uneven cell seeding 

associated to post-fabrication scaffold repopulation. In the absence of electrical or chemical 

stimulation, fetal and adult CM-repopulated ECM evidenced spontaneous contractions indicating 

that CM remained functional over 15 days in culture. Of note, only fetal bioscaffolds supported 

the contraction of macroscopic areas, suggesting that in this microenvironment CM electrical 

coupling is favored. This capacity would be most likely enhanced following electrical stimulation, 

as the latter has been demonstrated to promote cell alignment, coupling and synchronization of 

CM cultured on scaffolds [218] as well as bioscaffold colonization itself [219]. As such, novel 

scaffolds inspired on the fetal ECM will contribute to improve repopulation yields and support 

promyogenic responses in an injury scenario.  
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CONCLUSIONS 

Despite recent advances in cardiac tissue engineering, many aspects remain to be clarified, 

namely which microenvironments favor survival, proliferation and functional proficiency of cardiac 

cells. In this study, decellularization of fetal (E18) and adult cardiac tissues unveiled novel 

biochemical and structural features specific to each of the microenvironments that differentially 

support the colonization by cardiac cells. Whereas both bioscaffold types have proven equally 

efficient in maintaining cellular viability, fetal bioscaffolds evidenced better colonization rates 

following seeding with iCPCSca1 and neonatal CM. The contact with the surface of fetal 

bioscaffolds promoted proliferation of iCPCSca1 and favored CM over fibroblasts. Active cell 

migration to the interior of the bioscaffolds and expression of paracrine factors were also more 

efficient on the fetal bioscaffolds, indicating that the latter is an enriched/instructive environment, 

when compared to the adult. Finally, in depth characterization of fetal and adult acellular hearts 

revealed biochemical and structural features that differentiate both microenvironments. These 

properties may be integrated in the design of newer biomimetic materials for high throughput 

evaluation of cardiac specification using embryonic stem (ESC)/induced pluripotent stem cell 

(iPSC) cell-systems and screening of physiochemical cues critical to CM maturation and as 

regenerative-instructive biomaterials to be applied to the diseased heart. 
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SUPPLEMENTARY DATA 

 
Supplementary Figures 

 

 
 

Supplementary Figure 1. A. Hematoxylin and Eosin (HE) staining of decellularized cardiac-tissue 
sections. Hearts collected from E18 fetuses or from adult-derived LV fragments were decellularized by SDS 
alone or in combination with saponin or triton X-100. Scale bar, 100 μm. B. DAPI counterstaining on non-
manipulated (native tissue) and decellularized scaffolds (0.2% SDS). Scale bar, 50 μm. * Cytoplasm 
remnants. 
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Supplementary Figure 2. Representative images of collagen IV immunostaining on fetal native and 
decellularized tissue. Endo: endocardium; Myo: myocardium; Epi: epicardium; Trab: trabeculae. Scale bar, 
100 μm.  
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Supplementary Figure 3. Fibronectin and 

collagen type I Western blots. Representative 
images of the results obtained for fibronectin (A 
and A’) and collagen type I (B and B’) in both 
native (A and B) and decellularized (A’ and B’), 
fetal and adult myocardium are shown (top), as 
well as the respective protein loading controls 
obtained by PageBlue staining of the membrane 
(bottom). A pool of samples was used for each 
condition. Graphs representing normalized 
protein expression levels from at least two 
independent experiments are depicted in Figure 
2B. 
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Supplementary Figure 4. Porosity of fetal (E18) and adult bioscaffolds. A Representative images of 
fetal (E18) and adult pores heterogeneity. Scale bar, 100 µm. #, region of the image not considered for 
quantification. B Quantification of the percentage of pores area in fetal and adult bioscaffolds. Data are 
expressed as mean ± SEM. Mann Whitney test, two-tailed. 
 

 
Supplementary Figure 5. Characterization and bioactive evaluation of whole fetal (E18) hearts 
bioscaffolds versus fetal explants. A. Representative images of the fibers content of whole fetal hearts 
bioscaffolds and fetal explants by SEM. Scale bar, 20 µm. B. Fold change in iCPCSca1 colonization to the 
interior (core) of whole fetal hearts and fetal coronal heart explants in comparison to adult LV explants. 
Data are expressed as mean ± SEM. Student’s t-test, two-tailed. 
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Supplementary Figure 6. Colonization of fetal (E18) and adult bioscaffolds with cardiomyocytes (Troponin 
T+) and fibroblasts (Vimentin+), 15 days after seeding with an enriched preparation of neonatal 
cardiomyocytes. Data are expressed as mean ± SEM. Mann Whitney test, two-tailed. *p< 0.05, **p< 0.01. 
 
 

 
Supplementary Figure 7. iCPCSca1 adhesion profile at bioscaffolds surface 12h post-seeding using 
different cell densities. The highest density (1500 cell/mm2) was selected for the following colonization 
studies. Representative images of cell adhesion on fetal matrices following seeding at different densities. 
Green: ECM autofluorescence (autoFL). Scale bar, 100 µm. Data are expressed as mean ± SEM. Mann 
Whitney test, two-tailed. *p< 0.05, **p< 0.01, ***p< 0.001. 
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Supplementary Figure 8. Colonization index regarding iCPCSca1 cells adhered to the surface and core of 
fetal (E18) bioscaffolds following 8 days in culture. Prior to seeding cells were either exposed to radiation 
and/or to β1-integrin blocking and the colonization was compared to non-treated cells (control) and cells 
treated with the isotype control (isotype). Data are expressed as mean ± SEM. Student’s t-test, two-tailed 
*p< 0.05, ***p< 0.001. 
 
 

 
Supplementary Figure 9. Representative images of immunofluorescence for troponin T (cardiomyocyte 
marker) and CD31 (endothelia marker) on CPCSca-1 cultured for 8 days in fetal (E18) and adult bioscaffolds. 
Native fetal and adult cardiac tissue is shown as positive control of the repopulated bioscaffolds. Scale bar, 
50 µm. 
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Supplementary Table 

 
Supplementary Table 1. Primer sequences for qRT-PCR. 
 

 
 
 
Supplementary Videos 
 
Supplementary Video 1. Fetal (E18) bioscaffold handling and malleability.  
 
Supplementary Video 2. 3D visualization of basal lamina and pericellular matrix of fetal (E18) 
decellularized matrix. 
 
Supplementary Video 3. 3D visualization of basal lamina and pericellular matrix of adult decellularized 
matrix. 
 
Supplementary Video 4. Neonatal cardiomyocytes contracting at fetal and adult bioscaffolds surface. 
 
Supplementary Video 5. Synchronous contraction of an extended region of fetal decellularized matrix. 
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Supplementary Material and Methods 
 
Percentage of porosity 

Representative sections of fetal (E18) and adult bioscaffolds stained with HE staining were submitted to 
the thresholds plugin of Fiji software and a binary image was generated. Images area containing blood 
vessels and background were not considered for quantification. The percentage of porous area was 
quantified by measuring the fractionated area of the binary image. 
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Exposure of human iPSC-derived cardiac cells to heart ECM enhances the 

transcriptional maturation of generated cardiomyocytes 
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The advent of human pluripotent stem cells (iPSC) technology has democratized the exploration 

of the pluripotential cell capacity for recapitulating development and differentiation on a dish. Alike 

embryonic stem cells, iPSC can be directed in vitro towards the production of a large repertoire 

of the body cell-types and constitute a unique supply for the generation of high yields of human 

CM-like cells. In addition, the derivation of human iPSC from distinct heart condition patients has 

offered a unique tool to glimpse into the cellular and molecular events subjacent to deficient heart 

morphogenesis and disease development. However, the phenotype of the CM generated through 

iPSC (iPSC-CM) cardiac differentiation resemble that of the fetal myocardium, which is a major 

barrier for the comprehension of human adult CM biology and related disorders. Several 

approaches have been tested to promote further maturation of iPSC-CM by mimicking elements 

specific to the cardiac milieu. However, knowledge on how the changes occurring in ECM 

throughout heart life, would be imparted on iPSC-CM differentiation and maturation is scarce. 

Because of the distinctive architecture we observed for the decellularized fetal and adult cardiac 

tissues and the concurrent observation of a differential cell response of murine neonatal CM and 

iCPCSca1, we set out to investigate whether these close to native-tissue ECM systems modulate 

the function of human cardiac cells.  

Hence, at Chapter V we addressed the biological impact of age (fetal vs. adult), but also of tissue 

(heart vs. lung) specificity of the ECM on iPSC cardiac differentiation, and transcriptional and 

functional maturation. We hypothesize that the identification of high instructive ECM 

microenvironments for human iPSC-CM culture and the comprehension of their interaction are of 

major relevance for the identification of mechanism(s) regulated by microenvironment which 

participate on cardiac cell fate decision and function. 
�  
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ABSTRACT 

One of the primary challenges for human iPSC cardiac differentiation is that generated 

cardiomyocytes (CM) display an immature phenotype resembling the fetal heart. The lack of 

mature features on iPSC-derived CM (iPSC-CM) limits their clinical application in cell therapy and 

their use to recapitulate in vitro late-onset diseases. The ability to isolate tissue-derived 

extracellular matrix (ECM) has provided a robust setup to investigate the cell regulatory nature of 

this microenvironment component. Herein we addressed how ECM ontogenic stage and tissue 

derivation impact on iPSC cardiac differentiation and maturation. Higher cell plasticity and 

repopulation capabilities exhibited by iPSC-derived cardiac progenitors (iPSC-CP) while 

compared to later differentiation stages suggested iPSC-CP are more representative cell models 

to assess cell-ECM interaction. In addition, fetal and adult lung acellular tissues were tested as 

non-cardiac ECM controls. We show that differentiation of iPSC-CP onto decellularized cardiac 

and adult lung derived tissues improved the transcriptional maturation of the cells in comparison 

to the conventional two-dimensional (2D) and three-dimensional (3D) cell-based culture systems. 

In contrast, fetal lung was not able to support survival and differentiation of iPSC-CP. 

Furthermore, and although all repopulated decellularized tissues supported iPSC-CP 

specification towards ventricular-like CM, fetal heart ECM promoted higher repopulation yields 

and features of functionally more mature CM. This indicates fetal ECM as a high instructive 

microenvironment for iPSC-CP differentiation and functional maturation, and an essential element 

to consider while establishing efficient iPSC cardiac differentiation systems. 

 
 
KEYWORDS 

Extracellular matrix; iPSC; cardiac progenitors; cardiomyocytes; 3D scaffolds; Fetal 

microenvironments; cardiac tissue engineering; maturation; heart; lung 
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INTRODUCTION 

Cardiovascular diseases are the main cause of death worldwide, due to the diminished capability 

of the adult heart to recover post-injury, such as after myocardial infarction (MI). Heart 

transplantation is still the only efficient clinical approach to heart failure. On the other hand, human 

induced pluripotent stem cells (iPSC) technology has offered an unprecedented potential for 

patient-specific cell-based therapies. Currently, pluripotent cells in general and iPSC in particular, 

are the only source for the generation of robust numbers of cardiomyocytes (CM) required to meet 

clinical demands. Furthermore, iPSC-derived CM (iPSC-CM) constitute a unique tool to deepen 

our understanding of mechanisms underlying human heart development and disease, especially 

to address how patient-specific genetic abnormalities induce or facilitate disease development 

[220, 221]. Different protocols have been developed to attain iPSC-CM cultures with high purity 

and yields. However, iPSC-CM transcriptionally and functionally show a fetal phenotype, lacking 

the mature features of adult CM, as evidenced by their small cell size, spontaneous contractile 

properties, persistence of glycolysis, absence of T-tubules and response to adrenergic 

stimulation, among others [33, 41, 42, 221]. Several approaches have been tested to promote 

iPSC-CM maturation in vitro and in vivo. In vitro approaches attempt to recapitulate specific 

properties of the cardiac niche, namely electrical, mechanical and chemical (e.g. thyroid hormone) 

stimulation; co-cultures of CM with non-myocytes (e.g. fibroblasts and endothelial cells) to better 

mimic the heterotypic cell-cell interactions present in native cardiac tissue have also been 

implemented [33, 51, 52]. Nevertheless, the most considerable improvement of iPSC-CM 

maturation was observed in long term cultures (80–120 days) and on 3D cardiac constructs under 

physical conditioning and progressive high intensity training [52, 54]. In addition, in vivo studies 

suggest that the cardiac native microenvironment harbors important cues that further support 

iPSC-CM maturation upon transplantation. For example, delivery of iPSC-derived cardiac 

progenitors (iPSC-CP) to neonatal rat led to faster maturation progression as compared to that of 

later stage transplanted iPSC-CM. In contrast, the maturation features of iPSC-CM upon injection 

into the adult heart suggests that the developmental stage of the cells requires an age-matched 

microenvironment for better performance [46].  

Extracellular matrix (ECM) plays a key role in supporting cell organization, communication and 

acting as a reservoir of growth factors and enzymes. Heart development studies have 

demonstrated the fundamental impact of ECM on cell fate decisions and how the loss of ECM 

homeostasis leads to the emergence of structural and functional disorders. The modulatory 
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capacity of the ECM on cardiac cells changes throughout life as a result of dynamic chemical, 

structural and mechanical remodeling [58, 94]. The emergence of decellularization protocols has 

enabled the isolation of tissue-derived ECM and subsequent detailed analyses of ECM complexity 

and its impact on CM phenotype and function [102, 222]. Recent studies showed that fetal heart 

ECM resembles a more regenerative-like microenvironment promoting enhanced adhesion and 

proliferation of neonatal rat CM and putative adult mouse Sca-1+ cardiac progenitor cells, in 

contrast to adult heart ECM [94, 98]. These findings strengthen the importance of further 

dissecting the impact of heart-derived ECM on a closer to translation cell system, i.e. human 

iPSC-CM. Culture of iPSC-CM in 3D adult heart tissue gels promoted their maturation as 

demonstrated by gene expression analysis of essential structural and calcium-related genes, and 

improved drug responses [95]. However, a deeper understanding of 3D ECM-cell interactions on 

early in vitro cardiac differentiation with respect to age- and tissue-matching remains elusive. Also, 

a more extensive investment directed to the identification of ECM molecules in the heart 

extracellular microenvironment that impact cardiac cell differentiation, maturation and 

specification is still required. The present work aims to examine how the dynamics of different 

ontogenetic stages of cardiac extracellular matrices retaining their natural network arrangement 

impact human iPSC-CP differentiation and maturation into functional CM.  
 
�  
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MATERIALS AND METHODS 

 

Mice 

All animal procedures at Gladstone Institutes were performed in accordance with the Institutional 

Animal Care and Use Committee at the University of California, San Francisco. 

Heart and lung tissues were isolated from 7-8 weeks male CD1 mice and fetal mice at the 

embryonic day 18 days (E18). Female mice pregnancy was confirmed post- observation of a 

vaginal plug after overnight mating (day 0.5).  

 

Tissue harvesting and decellularization 

Fetal (E18) and adult mice (7-8 weeks) heart and lung tissues isolation and decellularization was 

performed as previously described [98, 110] (Chapter III). Briefly, explants from fetal (sagittal 

section of the ventricles) and adult heart ventricles (~2x2 mm explants of the left ventricle), and 

whole fetal lung lobes and adult lung left lobe explants (~4x2 mm explants of the left lung lobe) 

were performed before decellularization. Subsequently, cardiac and lung tissue samples were 

submitted to 3-step decellularization methodology that involve incubation under agitation on 

Hypotonic Buffer (18h), 0.2% SDS (24h) and then DNase treatment (3h, heart tissues; 6h, lung 

tissues). Detailed protocol on (Chapter III). 

 

Human iPSC expansion and cardiac differentiation 

WTC iPSCs were maintained on tissue culture plates coated with growth factor-reduced (GFR) 

Matrigel (Corning) at a final concentration of 10µg/ml and fed daily with mTeSR cell culture 

medium (StemCell Technologies). Every three days, iPSC were dissociated to single cells with 

Accutase (Accutase) and replated at cell density of 10x103 cells/cm2 in medium containing 10µM 

Y-27632 ROCK inhibitor (ROCKi, Selleckchem) for 24h. iPSC were differentiated to CM by 

modulation of Wnt/β-catenin signaling using a small molecule-based protocol, as previously 

described [42]. Briefly, iPSC were seeded at a final density of 25-30x103 cells/cm2 and fed with 

mTeSR cell culture medium until 100% confluency was reached (~3 days) (termed cardiac 

differentiation day 0). At day 0, cells were fed with RPMI 1640 (Life Technologies) with B27 

Supplement MINUS insulin (Life Technologies), denoted as RPMI/B27(-), and 12µM CHIR-99021 

(Selleckchem) for 24h. The following day, the media was changed to fresh RPMI/B27(-). At day 

3 of differentiation, cells were fed with RPMI/B27(-) supplemented with 5µM IWP2 (Sellekchem). 
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At day 5, the media was changed to fresh RPMI/B27(-). At day 7 of differentiation, cells were fed 

with RPMI 1640 with B27 Supplement, indicated as RPMI/B27(+) (Life Technologies), and media 

was changed every three days thereafter.  

 

iPSC-CP and iPSC-eCM seeding on decellularized tissues 

iPSC-CP (cardiac differentiation day 5) and iPSC-eCM (cardiac differentiation day 10) were 

dissociated to single cells with Accutase or 0.25% trypsin (Sigma) for 5-10 min, respectively. Upon 

splitting, cells were seeded on tissue culture plates coated with GFR Matrigel (2D control, 500x103 

cells/cm2), PDMS micropatterned wells (cell aggregates, 3D non- ECM control, 2000 

cells/aggregate) or on top of fetal or adult heart or lung (3D non-cardiac ECM control) 

decellularized tissues (625x103 cells/cm2) in media containing 10µM ROCKi for 24h (iPSC-CP, 

RPMI/B27(-); iPSC-eCM, RPMI/B27(+)). A detailed timeline of the protocol is described in Figure 

2 and 3. Effective cardiac differentiation was considered when spontaneous beating was 

observed between day 8-10 and day 11-12 post-seeding of CP and CM, respectively. 

 

iPSC-CP aggregation 

iPSC-CP were aggregated as previous described [223]. At differentiation day 5, cells were 

dissociated to a single cell suspension with Accutase and seeded in 24-well 400 µm pyramid 

micropatterned PDMS molds in a final density of 2000 cells/aggregate in RPMI/B27 supplemented 

media with 10µM ROCKi. Forced aggregation of cells in the microwells was promoted by 

centrifugation at 200xg for 3 min (acceleration 0 and break 3). After 24h, cell aggregates were 

removed from micropatterned PDMS molds by slow media pipetting with wide orifice tips. Cell 

aggregates were then maintained in suspension at the final density of 100 aggregates/mL culture 

in low attachment tissue culture plates rotating at 65 rpm. Cell aggregates were kept in culture on 

RPMI/B27(-) until day 9 of the cardiac differentiation. Further, media changes were performed on 

RPMI/B27(+) every three days. 

 

Cell proliferation 

A 10µM EdU pulse was performed on iPSC-CP and iPSC-eCM for 24h. Cells were dissociated to 

single cells and fixed in 4% PFA for 15min at RT before staining. EdU detection was performed 

according to manufacturer instructions (Invitogen). Briefly, cells were washed twice in 3% 

BSA/PBS 1X (Sigma) and permeabilized for 20 min with 0.5% Triton X-100 in PBS 1X. Following 
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two washes in 3% BSA, samples were incubated with the Click-iT reaction cocktail for 30min, 

protected from light. Cells were washed with 3% BSA/ PBS 1X and further stained for nuclear and 

cytoplasmatic markers. Cells without EdU pulse were stained as negative controls of EdU 

detection kit. 

 

Invasion assay 

24-well FluroBlock cell culture inserts with 8µm-pore size(Corning) were coated with 100µl of GFR 

Matrigel coating solution (0.01M Tris pH8.0, 0.7% NaCl and 300 µg/ml of GFR matrigel) for 2h at 

37oC. Matrigel entrapped bubbles were removed before incubation by centrifugation (300xg, 

10min, 4oC). Remaining liquid was removed from the cell culture inserts and the supporting plate 

(Corning) immediately before cell seeding. iPSC-CP and iPSC-derived early cardiomyocytes 

(iPSC-eCM) were dissociated and seeded at a density of 1.6x106 cells/cm2 in 10µM ROCKi 

containing media. Media change (without ROCKi) was performed 16h-18h post-seeding. 24h after 

ROCKi removal, cells were fixed in 4% PFA for 15min at RT. A negative control was performed 

by culturing the cells in the presence of 1M of Cytochalasin D (Sigma), a potent inhibitor of actin 

polymerization (cytostatic agent) (Supplementary Figure 1). 

 

Quantification of repopulated tissue remodeling 

Cells seeded on decellularized tissues were imaged regularly upon media change using an 

inverted microscope. Captured brightfield and GFP images were used to delineate the 

decellularized matrix boundaries and measure decellularized matrix cross-sectional area using 

FIJI software. ECM remodeling was quantified as the percentage decrease in tissue cross-

sectional area throughout culture. 

 

Analysis of calcium flux transients 

A human iPSC line containing fast green fluorescent calcium indicator GCaMP6f expressed under 

the CAG promoter (GCaMP-WTC) was used to assess spontaneous calcium flux transient studies 

[224]. Calcium flux transients were recorded using Zeiss Inverted Microscope equipped with a 

Hamamatsu ORCA-Flash 4.0 sCMOS camera in a rate of 100 frames per second. To standardize 

calcium flux evaluation, the first more centered beating region of the bioscaffolds was selected as 

region of interest (ROI) and the same area analyzed across different conditions (H: 59.52, W: 

59.52 pixels) using ZEN 2 (Blue edition) and the data exported as an excel file containing the 
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fluorescent intensity units throughout time. Calcium flux transients were identified using a linear 

RANSAC fit to remove background fluorescence decay and then filtered through a 1st order 4 Hz 

low-pass butterworth filter in order to reduce signal noise [225]. Trace parameters were then 

quantified using a python script detailed in Supplementary Method 1. 

 

Histology and immunofluorescence 

3D-like constructs were fixed in formalin (VWR)/ 0.03% eosin (Newcomer Supply) solution, at RT, 

for 1h for aggregates and 2.5-3h for repopulated decellularized tissues. Samples were embedded 

in HistoGelSpecimen Processing Gel (ThermoFisher Scientific), paraffin processed and cut at 

5µm sections. Paraffin section were then deparaffinized with xylene and hydrated through a series 

of decreasing ethanol concentrations (100%, 100%, 95%, 80%, 70%), rinsed in tap water and 

processed for hematoxylin and eosin staining (HE) or immunofluorescence. HE staining was 

performed according to manufacturer instructions. Heat induced epitope retrieval was performed 

on sections immersed in Tris-EDTA buffer (Cellgro) pH 9.0 or citrate buffer (Vector Laboratories) 

pH 6.0 in a 95oC water bath, for 35min, according to the primary antibodies specifications. 

Sections were cooled down for 20min and washed 3x with PBS1X. Samples were permeabilized 

by slide immersion in 0.2 or 0.5% Triton X-100 (Sigma)/PBS 1X solution. Sections were washed 

3x in PBS 1X and blocked in 1.5% normal donkey serum (Jackson ImmunoResearch). Primary 

and secondary antibody cocktails were diluted in blocking solution (Supplementary Table 1). 3 

washes of PBS 1X were performed between and after primary and secondary antibodies 

incubations. Slides were mounted in ProLongTM Gold Antifade Mountant (ThermoFisher Scientific) 

and samples were imaged on an inverted microscope (Zeiss) or confocal with Airyscan 

microscope (Zeiss). 

 

Gene expression analysis – Microfluidic qPCR 

At day 5 (seeding cell population), 15 and 30 (2D control, cell aggregates and 5-6 pooled 

repopulated decellularized tissues) of cardiac differentiation culture, samples were collected in 

300-600µl of TRIzol reagent (Ambion) and stored at -80oC. RNA was isolated by the combination 

of TRIzol-chloroform extraction and silica-gel membrane purification protocol (Direct-zol™ RNA 

MicroPrep, Zymo Research), and reverse transcribed with a modified iScript cDNA synthesis kit 

protocol (BioRad). 
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Gene expression analysis using EvaGreen on BioMark system was performed according to 

manufacturer instructions (Fluidigm). DNA primers were pooled and diluted in DNA Suspension 

Buffer (Teknova) to a final concentration of 500 nM each.  0.5 µl of this Primer Mix and 1.25µl of 

each cDNA sample were diluted into 5 µl of 1X PreAmp Master Mix (Fluidigm) and pre-amplified 

for a total of 15 cycles comprising of denaturation at 95oC for 15 sec and annealing at 60oC for 

4min. Unincorporated primers were further removed though Exonuclease I (New England 

BioLabs) treatment (4U/µL) by a two-step incubation: 37oC for 30 min and 80oC for 15min. The 

final product was diluted in 18 µL of DNA Suspension Buffer. PreAMP and exonuclease I- treated 

samples were further mixed with 2X SsoFast EvaGreen Supermix with Low ROX (Bio-Rad) and 

20X DNA Binding Dye Sample Loading Reagent (Fluidigm) in 2.7: 3: 0.3 ratio (Sample Pre-Mix). 

Assay Mix was prepared by mixing Forward and Reverse primers cocktail at a concentration of 

50µM with 2X Assay Loading Reagent (Fluidigm) and 1X DNA Suspension Buffer in a ratio of 0.5: 

2.5: 2 (Supplementary Table 2). Sample Pre-Mix and Assay Mix were loaded in a 96.96 Dynamic 

ArrayTM IFC as per manufacturer’s instructrions and run on BioMark HD Fluidigm system. 

Microfluidic qPCR data were further processed and presented as a heatmap using Genesis 

software version 1.8.1 [226].  

 

Local stiffness assessment via atomic force microscopy (AFM) 

Acellular tissues were processed through a series of buffers with a crescent percentage in 

sucrose (Sigma), gelatin-embedded (Sigma) and frozen in ice-cooled isopentane. 30µm-thick 

sections were cut using a cryostat and collected on positively charged glass slides (ThermoFisher 

Scientific), and stored at -80°C. Prior to local stiffness measurements, slides were allowed to 

warm up at RT for 15-20 min and gelatin washed from the sectioned bioscaffolds by immersion 

several times on pre-warmed PBS 1X at 37°C. Slides were placed on the stage of an MFP3D-

BIO inverted optical AFM (Asylum Research) mounted on a Nikon TE2000-U inverted 

microscope. Indentations were made using a silicon nitride cantilever with a spring constant of 

.059 N/m with a borosilicate glass spherical tip 5 µm in diameter (Novascan Tech). The cantilever 

was calibrated using the thermal oscillation method prior to the experiment. Samples were 

indented at 1 µm/s loading rate, with a maximum force of 4.5 nN. AFM force maps were obtained 

using the FMAP function of the IGOR Pro software build supplied by Asylum Research, typically 

as a 4x4 raster series of indentations made every 10 microns within a 40x40 µm region of interest. 

The Hertz model was applied to each force curve obtained within the region of interest to calculate 
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the elastic modulus (Young's modulus) of the tissue. Tissue samples were assumed to be 

incompressible; therefore, a Poisson’s ratio of 0.5 was used in the calculation of the Young’s 

modulus. 
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Statistical analysis 

All results were obtained in three independent experiments, unless otherwise stated, and shown 

as mean ± standard error of the mean (SEM). The statistical analysis of the data was performed 

using Prism 7 for Mac OS X version 7.0c. p < 0.05 was considered statistically significant. Tukey’s 

multiple comparisons test was applied. Whenever normality was verified through D'Agostino-

Pearson omnibus normality test, the t-Student test was applied and the Independent- Samples 

Mann-Whitney U test was used for the remaining analysis. 
 

 

�  
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RESULTS 

iPSC-derived cardiomyocytes characterization and optimization of decellularized 

tissue repopulation  

Previous studies have shown that CM have limited capacity to repopulate decellularized cardiac 

tissues due to their restricted proliferation and mobility [1, 78, 98, 227]. Accordingly, we 

hypothesize that higher cardiac repopulation yields might be achieved by the culture of less 

mature cells i.e. cardiac progenitors. To determine the stage of iPSC-derived cells during the 

course of cardiac differentiation we performed a transcriptional analysis for cardiac-related genes 

at different stages of differentiation. An engineered iPSC line was differentiated to CM by 

modulating canonical Wnt signaling using small molecules as previously described [42]. 

Transcriptional data was normalized to day 0 of differentiation, plotted as heatmap and genes 

were clustered by hierarchical clustering. From days 3 to 6, down regulation of pluripotency genes 

(i.e. POU5F1) was observed. An activation of cardiac progenitor (ISL1, MESP1) and cardiac 

cytoskeletal markers (MYH6, TNNT2) was observed from day 6-15. At day 30, iPSC-CM 

displayed a more mature transcriptome characterized by the expression of higher levels of TNNI3 

and MYH7 in comparison with day 0 of differentiation (Figure 1A). Immunofluorescent analysis 

performed at day 0, 3, 6, 9, 12 and 15 corroborated the global differentiation pattern observed by 

multiplexed qPCR data analysis through a decrease of Oct3/4 detection overtime followed by an 

increase on Gata-4 and troponin T expression (Figure 1B). To be able to evaluate cell population 

heterogeneity throughout time, we performed single-cell RNA-sequencing (scRNA-seq) analysis 

at days 6, 10, 15 and 37 of differentiation. Unsupervised t-distributed stochastic neighbor 

embedding (t-SNE) algorithm, grouped the cells into 6 main clusters (day 6 - Cluster 5; day 10 - 

Cluster 2, 6; day15 - Cluster 2, 3, 6; day 37 –Cluster 1, 3, 4) (Figure 1C) describing different 

stages on the cardiac differentiation program. Day 6 cells segregated into a unique cluster, 

characterized by distinct expression of cell-cycle (MKI67, PRR11, MYBL2, KIF11) and ECM 

related genes (FBLN1, HAPLN1, LAMA1, COL1A2). Day 10 cells were grouped into two clusters, 

which segregated with progenitor (LINC00261, FOXA2; Cluster 6) and cardiac progenitors/ early 

CM (NKX2.5, HAND1, VCAM1, TNNT2; Cluster 2) phenotypes. As cardiac differentiation 

progressed, committed CM (TNNT2) emerged whose heterogeneity correlates with their 

distribution into distinct cell clusters characterized by the expression of CM maturation (Cluster 3-  
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Figure 1. Characterization of iPSC-derived cells during cardiac differentiation. A. Heatmap of 
qPCR data on iPSC-derived cardiac cells at different stages of cardiac differentiation. Gene expression 
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LMCD1 (hypertrophy), GADD45G (cell cycle arrest)) and specification (ventricular-like CM, 

Cluster 0- MYH7 and Cluster 0,1,2,3 – MYL3) markers (Figure 1C). 

The cardiac differentiation protocol includes a cell replating step on day 5 and, therefore, day 5 

and day 10 cells were selected for repopulation studies because exhibited a progenitor phenotype 

and homogenous transcriptome profile. These, day 5 and day 10 cells were designated iPSC-CP 

and iPSC-eCM, respectively. 

Efficient repopulation of decellularized tissues is dependent on cell proliferation and invasion 

properties. To determine the proliferative capacity of iPSC-CP and iPSC-eCM, a 24h EdU pulse 

was applied from day 5-6 and day 10-11, respectively. Cells were isolated into a single-cell 

suspension and the number of proliferating cells was quantified by flow cytometry. A majority of 

the iPSC-CP were EdU positive (62.31%± 5.51) compared to only 17.25%±1.08 of iPSC-eCM. 

Nearly half of the iPSC-eCM were troponin T+ (45.87%±6.7), compared to the immature CP 

population (0.95%±0.29). However, only a small minority of iPSC-eCM (3.38%±0.34) were cycling 

CM (Troponin T+ EdU+) (Figure 1D), suggesting troponin T- cells constitute the major population 

of proliferative cells. To assess iPSC-CP and iPSC-eCM invasive properties a transwell system 

was used. Cells were seeded on top of 8µm-pore size insert coated with matrigel and allowed to 

adhere overnight. After removal of ROCKi from the culture the invasive cell properties were 

assessed at 3h and 24h. Low cell invasion was observed after 3h and no major differences were 

observed between iPSC-CP and iPSC-eCM (Figure 1E). Nevertheless, at 24h iPSC-CP 

demonstrated high invasive properties by the observation of ~40% coverage of the lower 

compartment of the insert in comparison with iPSC-eCM (~15%). In addition, no troponin T+ cells 

were detected on the lower compartment at iPSC-eCM condition (Figure 1E), indicating that 

invasive cells were mainly non-CM. 

  

of each sample was normalized to 18S, and samples were subjected to hierarchical clustering using the 
Weighted Pair Group Method with Arithmetic Mean (WPGMA). PSC: pluripotent stem cells, CP: cardiac 
progenitors, eCM: early cardiomyocytes, mCM: maturing cardiomyocytes; B. Immunocytochemistry of key 
markers that described cardiac differentiation dynamics of iPSC-derived cells during differentiation 
progression. Scale bar, 50 µm. C. Single cell RNA-seq data of iPSC at day 6, 10, 15 and 37 of cardiac 
differentiation. The heterogeneous nature of the cardiac differentiating cells was visualized via t-SNE plot 
and by the identification of 7 distinct cells clusters (left). Dendrogram revealed the relationship across the 
distinct cells cluster and cells identity was assigned through the respective genes listed (right). D. 

Proliferation profile of day 5 and 10 cardiac differentiating cells by immunocytochemistry (top). Scale bar, 
50 µm. The percentage of cycling cells was analyzed and quantified by flow cytometry of EdU presence 
(bottom). n=3. E. Invasive properties of day 5 and 10 cardiac differentiating cells were assessed by the 
detection of cells in the bottom well of a transwell system. Scale bar, 200 µm. n=1 
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To examine the repopulation capacity of iPSC-CP and iPSC-eCM, these cells were cultured in 

adult mouse left ventricle and left lung ECM explants obtained using similar decellularization 

protocol (Supplementary Figure 2) [98, 110]. iPSC-CP and iPSC-eCM were dissociated and 

 Figure 2. Performance of iPSC-CP and iPSC-eCM on decellularized tissue repopulation. A. 

Schematic representation of the experimental workflow. B. Cardiomyocyte population (Troponin T+) in 2D 
control condition at day 30 of cardiac differentiation. Scale bar, 500 µm. C. Decellularized tissues were 
passively seeded with iPSC-CP and iPSC-eCM and monitored regularly by phase imaging. Scale bar, 
1mm. D. Quantitative measurement of tissue remodeling by cardiac cells. n= 5-7 explants per condition. 
E. Spontaneous calcium flux was analyzed at day 30 of cardiac differentiation. Data are expressed as 
minimum to maximum. F. Representative calcium flux profiles of iPSC-CP and iPSC-eCM.  
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seeded on top of adult decellularized heart and lung (3D non-cardiac ECM control) (Figure 4B) 

and GFR matrigel coated plates (2D control) (Figure 2B). The culture was imaged every 3 days 

until day 30 a time-point in which troponin T+ (CM) cells constituted the majority of the cells in the 

2D control group (Figure 2B). Repopulated decellularized tissues were remodeled by iPSC-CP 

and iPSC-eCM as shown by a decrease in the decellularized tissue surface area over time (Figure 

2, C and D). Evident remodeling on iPSC-CP cultures was observed from day 13 after onward. 

iPSC-CP and iPSC-eCM displayed an exponential decay remodeling profile. By day 30 of 

differentiation, the iPSC-CP and iPSC-eCM had remodeled the adult heart matrix, reducing the 

area to 30.67±4.40% and 23.41±4.21% of the initial size, respectively. Adult decellularized lung 

showed a decrease in 32.14±4.54% and 29.14±5.80% of initial cross-sectional area when 

cultured with differentiating iPSC-CP and iPSC-eCM, respectively (Figure 2D). Thus, iPSC-CP 

showed a trend for a higher remodeling of decellularized tissues than the iPSC-eCM. The 

emergence of spontaneous contractile foci and calcium flux was observed between day 8-11 and 

11-13 of differentiation for iPSC-CP and iPSC-eCM, respectively, on both types of adult 

decellularized tissue. Spontaneous calcium flux analysis at day 30 of differentiation showed no 

major differences in calcium flux parameters across matrix tissue sources and seeded cell 

populations except for beat rate (BPM) with iPSC-CP. Matrix tissue repopulated with iPSC-CP 

showed a reduction of BPM in comparison with the time-matched 2D control suggesting that ECM 

contributes to functional maturation of derived CM. No major differences on calcium flux 

parameters were observed among 2D control and adult heart and lung bioscaffolds seeded with 

iPSC-eCM (Figure 2, E and F).  

Histological analysis of decellularized tissues at day 30, revealed that cells were able to 

repopulate the core of the bioscaffolds and progress through the cardiac differentiation program, 

as indicated by the presence of troponin T+ and Vimentin+ cells. CM (Troponin T+) constituted the 

majority of repopulating cells (Figure 4B). No major differences on CM morphology were observed 

across tissue ECM samples or cell seeding sources. CM displayed a small size, round shape 

morphology and absence of aligned myofibrils, resembling fetal CM (immature phenotype). 

Nevertheless, higher repopulation yields were achieved with iPSC-CP (Figure 4B).  

Taken together, iPSC-CP constitutes a homogenous cell population characterized by enhanced 

proliferative and invasive properties. As a result, iPSC-CP where able to successfully repopulate 

and differentiate into functional CM-like cells when seeded onto decellularized adult heart and 

lung tissue.�  
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Fetal decellularized cardiac tissue is highly remodeled and repopulated by 

iPSC-CP 

To interrogate the impact of age- and tissue-specificity of ECM on iPSC differentiation and 

maturation, iPSC-CP were seeded onto fetal and adult decellularized heart and lung tissues and 

GFR matrigel coated plates (2D control) (Figure 3A and B, Supplementary Figure 2). As cells 

cultured in 3D systems often show phenotypical and functional differences when compared to 2D 

controls [95], we also used a 3D non-ECM control. The latter were constituted by 2000-cell 

aggregates of iPSC-CP generated by forced aggregation in polydimethylsiloxane (PDMS) 

microwells inserts [223] (Figure 3C).  

Repopulated bioscaffolds were remodeled by iPSC-CP (Figure 3D). At day 30 of differentiation, 

fetal decellularized heart demonstrated a higher remodeling index, characterized by a decrease 

of 70.09% ± 5.78 in initial cross-sectional area, followed by adult decellularized lung and heart 

which displayed a 45.35% ± 0.59 and 30.17%± 9.42 decrease, respectively. (Figure 3E). No major 

changes in tissue size were observed in decellularized fetal lung (10.96% ± 11.96) (Figure 3, D 

and E).  

Spontaneous contraction and calcium transients were observed between day 8-11 of cardiac 

differentiation in all decellularized tissues except in the fetal lung (Figure 3F and G). Some 

variability was observed in the calcium flux profiles across experiments, which is most likely 

related to variability in differentiation efficiency amongst experiments (Figure 3F, Supplementary 

Figure 3). Cell aggregates and fetal heart bioscaffolds demonstrated dynamic changes on calcium 

transients profile features throughout cell culture (Supplementary Figure 4). Interestingly, 

repopulated decellularized fetal heart revealed macroscopic synchronous calcium transients and 

an increase in calcium flux amplitude and T50 downstroke throughout culture, suggestive of 

progressive maturation of CM calcium handling properties over time. In addition, at day 30 of 

cardiac differentiation, CM on fetal heart ECM samples displayed higher upstroke and downstroke 

maximum velocities (Vmax) and amplitude values, in comparison with the other decellularized 

tissue samples, indicating higher functional maturation (Figure 3F and G, Supplementary movie 

1).  

The histological analysis of the repopulated matrices at day 30, revealed that all tissues ECM 

were mainly repopulated by troponin T+ and vimentin+ cells. CM differentiated in contact with 

decellularized tissues, independently of age- and tissue-specificity, co-expressed troponin T, 

vimentin and a-smooth muscle actin and showed morphologic features resembling fetal CM 



CHAPTER V  |Exposure of human iPSC-derived cardiac cells to heart ECM enhances the transcriptional 

maturation of generated cardiomyocytes 

 

113  

 
 

Figure 3. Fetal decellularized heart tissue seeded with iPSC-CP display a higher remodeling 

index and a distinct calcium flux profile. A. Schematic representation of the experimental workflow. 
B. Experimental 2D control 24h after seeding and at day 28 of cardiac differentiation. Scale bar, 200 
µm (left) and 500 µm (right). C. Cardiac cells aggregates (3D non-ECM control) at beginning and end 
of culture. Scale bar, 500 µm. D. Decellularized tissues were passively seeded with iPSC-CP cells 
and monitored routinely by phase microscopy. Scale bar, 1mm. E. Decellularized tissue remodeling 
was quantified throughout culture. F. Spontaneous calcium flux was analyzed at day 30 of cardiac 
differentiation. Data are expressed as minimum to maximum. Tukey’s multiple comparisons test. *p < 
0.05, **p < 0.01, *** p < 0.0005, **** p < 0.0001. *vs matrigel, % vs adult heart; *p<0.05, ****p<0.0001; 
G. Representative calcium flux profiles. n=2-3.  
 

 (Figure 4, Supplementary Figure 5). Of note, CM were organized on large clusters throughout 

the bioscaffolds, which was particularly evident in fetal cardiac ECM (Figure 4). On the other hand, 

fetal lung decellularized tissues demonstrated lack of cells at ECM surface and core, indicating a 

poor repopulation efficiency. In summary, decellularized fetal heart tissues demonstrated the 
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ability to retain microenvironment features that favors higher repopulation efficacy and a 

progressive functional maturation of CM (Figure 3D-G, Figure 4). 

Previous works from our lab demonstrated that fetal heart bioscaffolds present a fibrillar network 

enriched in fibronectin and coiled fibril bundles, in contrast with adult heart and lung bioscaffolds. 

Due to the high ability of iPSC-CP to remodel fetal heart ECM, AFM analysis was performed to 

determine differences in mechanical properties of three decellularized scaffolds (Supplementary 

Figure 6A and B). Overall, decellularized tissues demonstrated low stiffness values (<600 Pa), 

especially fetal heart ECM (Supplementary Figure 6C and D). Higher stiffness (>600 Pa) were 

only detected on vasculature conduits, easily identified in the lung acellular tissues (data not 

shown). Adult bioscaffolds showed a trend for higher Young’s modulus (stiffness). Nevertheless, 

no measurable differences were detected between acellular tissues, suggesting that the 

mechanical properties of the ECM do not contribute to the differential cellular response observed 

among fetal and adult, heart and lung tissues.  

Together, these findings suggested that the resident chemical and structural features of ECM are 

the key factors that enable iPSC-CP remodeling capabilities and determine their successful 

differentiation into functional CM.  

 

  

Figure 4. Fetal heart bioscaffolds 

demonstrated high repopulation 

efficiency. Representative 
histological sections of the central 
region of fetal and adult, heart and 
lung bioscaffolds repopulated with 
iPSC-CP (A) and iPSC-eCM (B). 
Scale bar, 500 (left) and 200 µm 
(right). 
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iPSC-CP differentiated on decellularized tissues give rise to cardiomyocytes 

with a more mature transcriptional signature 

 
qPCR was performed to determine the cell modulatory properties of acellular bioscaffolds on 

human iPSC-CP differentiation and maturation into CM. 

Gene expression data was plotted as a heatmap and genes and samples were segregated by 

hierarchical clustering, i.e. sample and genes were clustered according similarity in gene 

expression. A samples dendrogram revealed high similarity among decellularized tissues 

samples than in comparison with the experimental controls (Figure 5, top). 

A general activation of contractile machinery-related genes representative of cluster I and IV 

(MYH6, MYH7, TNNT2, ACTC1, ACTN2) was observed across samples at day 15, along with low 

expression of immature CM markers in cluster II (SIRPA, NKX2.5, TBX5), supporting the 

differentiation of CP into CM (Figure 5, Supplementary Figure 7). CM with more mature 

phenotypes were present at day 30 of culture, characterized by high expression of genes involved 

in the sarcomere structure, such as MYH7 and CM-ECM interaction genes, e.g. integrin beta1 D 

isoform (ITGB1D) (Figure 5, Cluster I). CM differentiated on decellularized heart (fetal and adult) 

and adult lung tissues revealed an enhanced specification into ventricular-like CM (high MYL2, 

MYH7 expression) compared to CM differentiated on 2D or 3D non-ECM control. No major 

alteration was observed with respect to atrial-associated CM markers throughout the culture 

(MYL7, NPPA, TBX5). At day 30 only CM from the 2D control, cell aggregates and fetal 

decellularized heart tissue demonstrated detectable TNNI3, which encodes adult cardiac troponin 

I (cTnI), commonly activated in fetal-neonatal transition and further expressed in the adult 

myocardium.  

iPSC-CP differentiated in decellularized tissues and cell aggregates showed the expression of 

two unique panels of genes not observed in other samples conditions, as seen in cluster III and 

V, respectively (Figure 5). On decellularized tissues, we also observed the preservation of a 

progenitor-like phenotype, characterized by the expression of genes, such as, NANOG, TBX18, 

FN1, GLUT1, ISLT1, MYC, RYR3 and TEK (Figure 5, Cluster III). In addition, cardiac cells 

repopulating decellularized tissues revealed a specific and enhanced expression of POSTN, a 

gene commonly used as canonical marker of fibroblasts and which has been shown to support 

mononucleated cardiomyocytes proliferation (Figure 5, Cluster IV) [216]. Contrastingly, iPSC-CP 

differentiated in cell aggregates tended to preserve a mesodermal progenitor-like cell   
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Figure 5. Transcriptome profiling of 

iPSC-CP differentiation and maturation 

into CM. Heatmap of the multiplex qPCR 
data. Weighted Pair Group Method with 
Arithmetic Mean (WPGMA) was used as 
hierarchical clustering method and UBC as 
housekeeping gene. n=2-3. 
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population(s) characterized by expression of MESP1, PLK1, GATA4, MEF2C (cluster V). CM from 

cells aggregates exhibited high expression of mitochondrial (MFN1), ion channels (KNCA5, 

GJC1, KCNJ2, JPH2), growth factor (TGFB1) and hormonal (THRA) related genes in comparison 

with the remaining group of samples in study (Figure 5, Cluster V). 

Taken together, these findings provide evidence that 3D differentiation of iPSC-CP into CM 

promoted a unique expression profile, and, in the case of decellularized tissues, higher 

heterogeneity generated by preservation of a progenitor pool until later stages of in vitro 

differentiation. Furthermore, our findings convey that irrespective of its origin adult-derived ECM 

enhanced CM maturation and specification towards ventricular-like phenotype, supporting in an 

in vitro setting, the cell modulatory nature of ECM observed in vivo during cardiac development. 
 
�  
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DISCUSSION 

Human iPSC-CM have been widely used as a tool to dissect the mechanisms underlying human 

heart development and disease, nevertheless, their immature phenotype limits clinical translation 

and recapitulation of late-onset diseases. Dissection of the cardiogenic niche is expected to 

provide the knowledge for directing cellular differentiation toward adult-like ventricular CM in a 

controlled higher efficiency manner. Herein we tested how a main component of the heart 

microenvironment, i.e. acellular cardiac ECM from both the developing and the adult organ, 

impacts on bona fide cardiac progenitors while differentiating. Indeed, the microenvironment, 

namely the ECM, has come forth as a driving force of cardiac cell specification and maturation 

during heart development [91]. The significance of tissue-derived ECM as a biomaterial to support 

cardiac differentiation and maintenance of pluripotent stem cells (PSC) started to be explored in 

the last decade through the establishment of decellularization techniques, reprograming 

methodologies and effective cardiac differentiation protocols, which facilitated the development 

of more reliable in vitro systems to interrogate the biological relevance of ECM on cellular 

responses [37, 42, 102]. Several studies have focused on the recreation of an artificial heart in 

vitro, as a model to evaluate cell-ECM communication, through the culture of neonatal CM or 

PSC-derived CM on adult heart ECM. Nevertheless, low repopulation efficiency and consequent 

poor functional readout has been documented, due to limited cell adhesion and proliferation of 

the generated CM [98, 102]. In addition, the nature of the adult heart ECM as a base scaffolding 

biomaterial has been shown to work as a barrier to effective repopulation, likely because it retains 

a molecular network with chemical composition and mesh organization of the fully mature organ, 

with negligible regenerative capacities [3, 58, 94, 98, 102]. Recent findings support that ECM 

display differential cellular modulatory properties according its age and tissue-specific nature. 

Nevertheless, a complete understanding of mechanisms that regulate cell-ECM communication 

on translational relevant systems remains elusive [94, 95, 98, 222]. In the present work we i) 

correlated the human iPSC cardiac differentiation stage with higher repopulation cell yields on 3D 

decellularized cardiac tissues; ii) assessed the function and transcriptional profile of the generated 

CM throughout the differentiation process; and ii) addressed the relevance of age- and tissue-

specific decellularized tissue on CM differentiation and maturation.  

Tissue decellularization was achieved using a low SDS-based protocol across different tissues 

with minor modifications in order to avoid potential differences across acellular matrices regarding 

the application of distinct decellularization strategies [98, 105, 110]. Similar to primary cultures of 
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neonatal CM, iPSC-CM display low capabilities to invade and repopulate the core of the 

decellularized tissue [98, 102] (data not shown). Through a detailed transcriptomic analysis on 

the in vitro iPSC differentiation system directed to the cardiac lineage and complementary 

assessment of proliferation and invasion properties, we identified day 6 (iPSC-CP) and day 10 

(iPSC-eCM) as the best cells candidates for repopulation of acellular tissues/bioscaffolds. iPSC-

CP and iPSC-eCM are representative of progenitor/precursor cell populations, characterized by 

the expression of cell-cycle, cardiac transcription factors and ECM-related genes (Figure 1C). The 

immature phenotypic profile of iPSC-CP and iPSC-eCM suggested that they retained higher cell 

plasticity and the capability to respond to external cues in comparison with cells at later stages on 

the cardiac differentiation program [52, 228, 229]. The application of more immature cells in the 

development of engineered cardiac microtissues or on decellularized tissue repopulation is 

relatively new [52, 228]. The majority of the studies performed so far focused mainly in culture of 

adult heart ECM and cardiac cells on a late stage of the cardiac differentiation program, such as 

neonatal CM and iPSC-CM (day 15) [229, 230]. Despite that CM retain less cell plasticity, these 

studies evidence that culture of CM on heart ECM improve cardiac differentiation and function 

overtime [229, 230].  

The passive seeding of iPSC-CP and iPSC-eCM on top of heart and lung acellular tissues prior 

to CM specification did not appear to affect cell progression on the cardiac differentiation program 

[228] as indicated by the high detection of Troponin T+ cells at the surface and core of the 

bioscaffolds (Figure 4), being the acellular fetal lung the exception. Fetal lung ECM revealed an 

absence of repopulating cells, suggesting that it retained inhibitory cues for iPSC survival and 

cardiac differentiation. Indeed, previous data from our laboratory demonstrated that fetal lung 

lacks essential cardiac ECM elements such as fibronectin (Chapter III). However, on fetal and 

adult heart, and lung ECM, in addition to the presence of troponin T+, we detected the emergence 

of a stromal cell population (Vimentin+ Troponin T-) (Figure 4). In contrast, CD31 expression was 

only detected at low levels on fetal heart ECM, suggesting that the majority of vimentin+ cells onto 

decellularized tissues constitutes a FB-like population (Supplementary Figure 5). FB have an 

important role on heart function, including regulation of CM maturation, through the remodeling of 

the ECM and secretion of growth factors, and support of proper electrical conduction and 

biomechanical interaction [58, 231, 232]. A previous study using cardiac progenitor cells for 

decellularized adult mouse heart repopulation showed a requirement for growth factors 

supplementation to prompt further re-endothelization (DKK1) or cardiac muscle formation (bFGF) 

[228]. Not unexpectedly, tissue decellularization leads to a loss of relevant growth factors and 
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other bioactive molecules stored at ECM [103]. Therefore, further studies need to be performed 

to optimize media composition and growth factors content in order to enable the co-emergence 

of multiple relevant cardiac cells types in our in vitro culture system.  

iPSC-CP induced distinct extent of decellularized scaffolds remodeling. Higher ECM remodeling 

values were observed on fetal heart ECM, in contrast to adult heart and lung tissues, suggesting 

that fetal heart ECM retains key features favoring to cardiac cells (Figure 2, C and D; Figure 3, D 

and E). Previous data from our laboratory demonstrated that fetal heart ECM present a looser 

network, enriched on coil-like structures suggesting more malleable properties, in comparison 

with the adult heart bioscaffolds [98]. Nevertheless, no major differences on mechanical 

properties were detected among bioscaffolds (Supplementary Figure 6). Fetal heart ECM network 

arrangement and an enriched composition on highly instructive ECM molecules, e.g. fibronectin, 

are likely to facilitate cell remodeling and expedite cellular repopulation, accordingly to the 

observation of a high number of cells at the core of this acellular tissue (Figure 4, Supplementary 

Figure 5) [98]. In addition, CM differentiated in contact with fetal heart ECM displayed more 

mature-like calcium handling properties as indicated by the consistent synchronized calcium flux 

propagation, a trend for higher amplitude (F/F0), upstroke and downstroke maximum velocities 

(Vmax). Indeed, calcium flux traces of CM on fetal heart ECM resembled cardiac cells aggregates 

profile, suggesting that fetal heart bioscaffolds, alike 3D-cell based constructs favor cell-cell 

communication. Of note, calcium flux profiles from iPSC-CP differentiated on 3D decellularized 

tissues revealed an increase in T50 downstroke. Previous reports described similar results, upon 

the culture of iPSC-CM on adult heart ECM gels (3D) in comparison with 2D coated surfaces, 

suggesting that iPSC-CM culture conformation (2D vs 3D) affects functional response [95]. T50 

downstroke defines the time necessary for 50% removal of the calcium from the cytoplasm (CM 

relaxation). This relaxation process is principally orchestrated by two main classes of ion 

channels, the sarcoendoplasmatic reticulum calcium ATPase (SERCA) and the Na/Ca exchanger 

(SLC8A1). SLC8A1 gene expression was assessed by qPCR and a general activation was 

observed across samples (Figure 5, Cluster IV), however, in human CM this channel only 

contributes for ~28% calcium uptake [233]. Of note, a slower clearance of calcium from the 

cytoplasm has been documented on human iPSC-CM in comparison to rabbit CM, despite a 

comparable contribution of these two ions channels for calcium re-uptake to the 

sarcoendoplasmatic reticulum. These differences in calcium flux profile seem to be inherent to 

species differences or calcium transporters immaturity [234]. Thus, additional functional analysis 

using chemical compounds such as ryanodine, caffeine, among others, needs to be performed to 
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clarify the contribution of each of these two classes of ion channels on calcium flux transients of 

CM differentiated on ECM and non-ECM context.  

iPSC-CP differentiation on repopulated decellularized tissues revealed enhanced maturation and 

specification into ventricular-like CM in comparison to 2D control and 3D non-ECM control (Figure 

5, Cluster I. However, histological and immunofluorescence analysis revealed the persistence of 

immature CM lacking defined sarcomeres, and co-expressing troponin T, vimentin and a-smooth 

muscle actin (Figure 4, Supplementary Figure 5), hallmarks of the developing heart [26, 27]. 

Nonetheless, embryonic stem cells-derived CM expressing a-smooth muscle actin gene (Acta2) 

have been reported to display action potentials that resemble fetal ventricular CM, supporting co-

expression TNNT2 and ACTA in our gene expression data [27]. In addition, iPSC-CP 

differentiation in a 3D scenario, i.e. decellularized tissues and cell aggregates, suggested the 

presence of a pool of progenitor cells and/or more immature CM until later stages of culture 

(Figure 5, Cluster III and V). Further single cell analysis is warranted to further clarify this 

hypothesis.  

The addition of lung decellularized tissues, as non-cardiac ECM controls, to our experimental 

setup revealed that ECM tissue origin is an important parameter to consider for proper cardiac 

cell function and behavior. In contrast to fetal lung, adult lung decellularized tissue showed to 

support cell repopulation and CM differentiation (Figure 4). Recent findings substantiate this 

observation by showing that adult lung ECM is enriched on nephronectin and fibronectin, two 

important ECM molecules expressed during heart development, which provide for CM adhesion 

and proliferation [94, 110, 235]. The application of non-cardiac ECM, i.e. urinary bladder, as heart 

therapeutic patch has been documented in the literature [236]. Nevertheless, the properties of the 

ECM that support this non tissue-specific application are still unknown. Future experiments will 

be focused on proteomic studies across fetal and adult decellularized heart and lung tissues to 

identify specific ECM molecules that favor/inhibit the progression on cardiac differentiation and 

maturation. Our data suggest the existence of a common base of ECM specific molecules present 

in cardiac derived-tissues that seem to be preserved in the adult lung, but not at the decellularized 

fetal lung. Thus, the understanding of the key ECM molecules required for cardiac differentiation 

and maturation will be fundamental for a more effective development of controlled ECM materials 

for in vitro and in vivo cardiac cells applications.  

 

Taken together, our data demonstrated that cell differentiation stage and age- and tissue-

specificity of the extracellular microenvironment are key factors to consider to better emulate in 
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vivo cardiac tissues on a dish. The differentiation of iPSC-CP onto decellularized tissues 

demonstrated to promote CM differentiation and maturation, and to favor ventricular-like cells 

specification. Of note, fetal decellularized hearts further promoted repopulation efficiency and the 

differentiation of CM with enhanced functional properties. Thus, our data endorse iPSC-CP 

culture onto fetal heart ECM to favor the generation of CM with more mature functional properties. 

The comprehension of the mechanism(s) supporting the superior behavior of fetal ECM will be 

essential to develop robust in vitro systems for a controlled and more efficient maturation of iPSC-

derived cardiomyocytes.�  
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CONCLUSIONS 

An increase attention to the interrogation of ECM cell modulatory properties has been propelled 

by the current capabilities to isolate tissue- and age-specific ECM whose composition and 

architectures emulates the native microenvironment. Nevertheless, there is limited knowledge 

regarding human iPSC-related cardiac cells behavior in close contact with ECM from distinct 

developmental stages and tissue origins. We have addressed this by using bona fide cardiac 

progenitors, i.e. iPSC-CP, and analyzing their ability to repopulate a selected panel of distinct 

origin decellularized tissues. Our work suggests that the early culture of iPSC-CP onto a 3D 

extracellular microenvironment, promotes higher repopulation and ECM remodeling, as well as, 

improves CM calcium handling properties, accelerates maturation and specification into 

ventricular-like cells. An enhanced cardiac cell performance was observed using fetal heart 

acellular ECM suggesting that it retains cell instructive cues, likely present in the developing organ 

microenvironment and which favor CM function. 
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SUPPLEMENTARY DATA 

 
Supplementary Figures 
 

Supplementary Figure 1. Cytochalasin D compromise iPSC-CP invasive capabilities. To validate the 
invasion assay system, iPSC-CP were incubated with 1µM of Cytochalasin D upon ROCKi removal. 24h 
after treatment, a low number cell were detected at the bottom compartment of the insert in comparison 
with no treated cells ( - Cytochalasin D). Scale bar, 200 µm. 
 
 

 
Supplementary Figure 2. Macroscopy of fetal and adult, heart and lung acellular scaffolds. 

Macroscopic features of young and aged decellularized heart and lung tissues. Scale bar, 1mm. V, 
vasculature conduits; Vt, ventricle cavity; B, bronchi; Br, bronchiole. 
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Supplementary Figure 3. Calcium flux properties variability across experiments. Spontaneous 
calcium flux analysis at day 30 of cardiac differentiation of three independent experiments. Data are 
expressed as minimum to maximum. Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, *** p < 
0.0005, **** p < 0.0001. *vs matrigel, #vs aggregates, &vs fetal heart; 
 
 

 
Supplementary Figure 4. Calcium flux dynamics throughout culture. Spontaneous calcium flux 
analysis at day 24 and day 30 of cardiac differentiation. n=2, 6-18 samples (except aggregates n=1, 25 
samples Data are expressed as minimum to maximum. Mann-Whitney U test, two-tailed, *p < 0.05, **p < 
0.01, *** p < 0.0005, **** p < 0.0001. 
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Supplementary Figure 5. Cardiomyocytes differentiated in contact with decellularized tissues 

revealed an immature phenotype. Representative histological sections of the central region of young and 
adult heart and lung acellular tissues repopulated with iPSC-CP. A and A+1 are adjacent sections of fetal 
heart ECM. CM (Slow/fast Troponin I+ cells) express vimentin and SMA. A, B and C, CD31+ and SMA+ cell 
distribution among fetal heart, adult heart and adult lung ECM structure. i, cells embedded at ECM network; 
ii, cell aggregates attached to the ECM surface; S+F Troponin I, slow/fast Troponin I; SMA, alpha-smooth 
muscle actin. Scale bar, 500 µm. 
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Supplementary Figure 6. Young and aged heart and lung bioscaffolds characterized by low Young’s 

moduli. A. HE staining of the adjacent fetal lung 30 µm section used for AFM analysis. Scale bar, B. Optical 
image of AFM cantilever above fetal lung ECM during local stiffness assessment. C. Heatmap 
representation of the local stiffness values measured across a 40x40 µm region of interest. D. Graphic 
representation of the average stiffness values measured among different regions of decellularized tissues 
network. Data are expressed as minimum to maximum. n=1 
 
 

 
Supplementary Figure 7. Gene ontology (GO) enrichment analysis of Cluster I and IV genes. A. 
Enriched GO terms for Biological Process. B. Enriched GO terms for Cellular component. 
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Supplementary Movie 
 
Supplementary movie 1. Cardiomyocytes repopulating fetal heart bioscaffolds revealed 

synchronous calcium flux transients. Fluorescent time-lapse imaging of GCaMP-WTC derived CM 
cultured on fetal heart ECM.  
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Supplementary Material and Methods 
 
Supplementary Table 1: Panel of dyes, primary and secondary antibodies used for immunocytochemistry, 
paraffin sections and flow cytometry. 
 

Protein Source Reference Dilution 

Alexa Fluor 555 Donkey anti-
rabbit IgG  

Invitrogen A-31572 
 

1:400 

Alexa Fluor 647 Donkey anti-
goat IgG  

Invitrogen A-21447 
 

1:400 

Alexa Fluor 488 Donkey anti-
mouse IgG 

Invitrogel R37114 
 

1:400 

Alexa Fluor 647 Phalloidin Invitrogen A22287 1:100 
Alpha-smooth muscle actin DAKO M0851 1:50 
Fibronectin Abcam ab2413 1:200 
Gata-4 Santa Cruz Biotechnologies sc-25310 1:50 
Laminin 1+2 Abcam ab7463 1:150 
Oct-3/4 Santa Cruz Biotechnologies sc8629 1:400 
Smooth muscle actin  DAKO M0851 1:100 
Hoechst 33342 Thermo Scientific 62246 1:10.000 
Troponin T Abcam ab45932 1:400 
Vimentin Millipore AB1620 1:100 

 
 
 
Supplementary Table 2. Microfluidic multiplex qPCR-Primers list. 
 

Gene Gene Symbol Primer sequence (5’-3’) 
Actin, alpha, cardiac muscle 1 ACTC1 F: TGTGCCAAGATGTGTGACGA 

R: AGGGTCAGGATGCCTCTCTT 
Actinin alpha 2 ACTN2 F: CTTCTACCACGCTTTTGCGG 

R: AAAGCTCACTCGCTAGCCTC 
Adrenoceptor beta 2 ADRB2 F: CAGCCATTGCCAAGTTCGAG 

R: GATCACGCACAGGGTCTCAA 
ATPase sarcoplasmic/ endoplasmic 
reticulum Ca2+ transporting 2  

ATP2A2 F: GGAGAACATCTGGCTCGTGG 
R: CCAGTATTGCAGGTTCCAGGTA 

Bridging integrator 1  BIN1 F: CGACCTGCTGTGGATGGATT 
R: TCCTCGGCCTTGGCAATTTT 

Caveolin 3 CAV3 F: CGGTGGTGCCATGCATTAAG 
R: TATGGAGCAGTCCCTGGCTT 

Cadherin 2  CDH2 F: CATTGCCATCCTGCTCTGCATC 
R: GCGTTCTTTATCCCGGCGTTTC 

Creatine kinase, M-type CKM F: CAACCCCTCCCAGCCAATAG  
R: GGGTACTCCTCCTCAGGCTT 

Collagen type I alpha 1 chain COL1A1 F: CCCCGAGGCTCTGAAGGT  
R: CACCAGCAATACCAGGAGCA  

Collagen type III alpha 1 chain COL3A1 F: GAGCTGGCTACTTCTCGCTC  
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R: ATTTCTGGGTTGGGGCAGTC  
Desmin DES F: CAACAAGAACAACGACGCCC 

R: TCACTGGCAAATCGGTCCTC 
Dystrophin DMD F: TGGCTCATGTGTTTGCTCCG            

R: CAGCTCCCCTTTCGCATGA  
Desmoplakin DSP F: AAGGAAGAGGATACCAGTGGC 

R: AGTGGCCTTTTGCTGTTGGAT 
Endothelial cell specific molecule 1 ESM1 F: ACTTGCTACCGCACAGTCTC  

R: CTGCAATCCATCCCGAAGGT  
Fatty acid binding protein 2  FABP2 F: GAAGCTTGCAGCTCATGACA  

R: CCCCTGAGTTCAGTTCCGTC 
Fibronectin 1  FN1 F: ACAAGCATGTCTCTCTGCAA 

R: GCAATGTGCAGCCCTCATTT 
GATA binding pr] GATA4 F:ACCTGGGACTTGGAGGATAGCAAA 

R:CCATCAGCGTGTAAAGGCATCTGA 
Gap junction protein alpha 1  GJA1 F: TCAAGGGCGTTAAGGATCGGGTTA 

R: GTTGGTGAGGAGCAGCCATTGAAA 
Gap junction protein alpha 5 GJA5 F: GGAGGAGGAAAAGAAGCAGAAGT 

R: TCGTATCACACCGGAAATCAG 
Gap junction protein gamma 1  GJC1 F: CCCGTGCTACAATGGACCAA 

R: TCTAGCAGGCGAGTCAGGAA 
Glucose transporter 1 GLUT1 F: AACCACTGCAACGGCTTAGA 

R: TCACGGCTGGCACAAAACTA 
Glucose transporter 2 GLUT2 F: TGAAGCCACAGGTTGCTGAG 

R: GTGGCACATGCACCTGACTA 
Hyaluronan and proteoglycan link 
protein 1  

HAPLN1 F: ATGGCCCCCATCTACTTGTG 
R: ACCCTGGTAGCCTCCATAGG 

Hyaluronan synthase 2  HAS2 F: TGACAGGCATCTCACGAACC 
R: CGCTTCGTAGGTCATCCACA 

Heparin binding EGF like growth factor  HBEGF F: GGGCTGAGTGAGCAAGACAA 
R: GCACCAGTCACTTTCGAAGC 

Hyperpolarization activated cyclic 
nucleotide gated potassium channel 4 

HCN4 F: GGCATCCTGTCAACATGGGA 
R: CCTGCGACCTTGGGAGAAAA 

ISL LIM homeobox 1 ISL1 F: TTGGCCTGTCCTGTAGCTGGTTTA 
R: AGTCAAACACAATCCCGAGACGCT 

Integrin subunit alpha V Itgav F: ACAAATGCTCCTAGGCACCC 
R: GCGGGTAGAAGACCAGTCAC 

Integrin, beta 1a Itgb1a F: GCGTGGTTGTGGAATGTTCTT 
R: GATTTTCACCGTGTCCCACTTG 

Integrin, beta 1d Itgb1d F: AGAAAATGAATGCCAAGTGGGAC 
R: CAGAGACCAGCTTTACGTCCA 

Integrin, beta 3 Itgb3 F: ACCAGTAACCTGCGGATTGG 
R: TCCGTGACACACTCTGCTTC 

Junctophilin 2 JPH2 F: ATACTGGAGCCAGGGCAAAC  
R: TGAACTGGCCTTGGTACGTC 

Potassium voltage-gated channel 
subfamily A member 5 

KCNA5 F: TTCTACCACCGGGAAACGGA 
R: CTTCGGGCACTGTCTGCATT 

Potassium voltage-gated channel 
subfamily D member 2  

KCND2 F: TGTGCCTCAGAATTGGGCTT 
R: GCACCATGTCACCATACCCT 

Potassium voltage-gated channel 
subfamily H member 2  

KCNH2 F: GTTCATCATCGCCAACGCTC 
R: TCCGGTAGAAGGCGATTTCC 
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Potassium voltage-gated channel 
subfamily J member 12  

KCNJ12 F: TTGAAGACAGTACCGTGCCC 
R: CCTCCTCCGATGACACGATG 

Potassium voltage-gated channel 
subfamily J member 2  

KCNJ2 F: GCAAAGCTTGTGTGTCCGAG 
R: GATGATGCAGCCCACGATTG 

Kinase insert domain receptor KDR F: GTTCAGACGGGGTTTCTGGT  
R: TTGGCCAGGAGACACGTAAC  

Laminin subunit alpha 1 LAMA1 F: CTCAGGTTAAGTGTTTCTGGGGA 
R:ACGTTTAAAAAGAGAGCCAGGGAA 

Laminin subunit alpha 2 LAMA2 F: GGCTTCCGTTGTCAGCAATC  
R: TCAAGTTTCTCAGCGTTGGC  

Myocyte enhancer factor 2C  MEF2C F: AGATGCTTGGACAGACCCGGTAAT 
R: TGCAGGTTTGTGAGCATTCTTGGG 

Mesoderm posterior 1 MESP1 F: TTCGAAGTGGTTCCTTGGCA  
R: GTCTAGCCCTATGGGTCCCT 

Mitofusin 1 MFN1 F: CCTCCTCTCCGCCTTTAACTT  
R: CGCCTTCTTAGCCAGCACAA 

Mitofusin 2 MFN2 F: CAATCTGAGGCGACTGGTGA  
R: GACATTGCGCTTCACCTTCC 

MYB proto-oncogene like 2  MYBL2 F: CTGCACTACCAGGACACAGATT 
R: TTCCAGTCCTGCTGTCCAAAC 

MYC proto-oncogene, bhlh transcription 
factor  

MYC F: CAAGAGGCGAACACACAACG 
R: GTCGTTTCCGCAACAAGTCC 

Myosin heavy chain 11  MYH11 F: TCAAGATCGGGAGGACCAGT 
R: CCAGCTCTCCGTAGGCAAAA 

Myosin heavy chain 6  MYH6 F: ACCTGTCCAAGTTCCGCAAG  
R: CAAGAGTGAGGTTCCCGAGG 

Myosin heavy chain 7 MYH7 F: ACCTGTCCAAGTTCCGCAAG 
R: ATTCAAGCCCTTCGTGCCAA 

Myosin light chain 2 MYL2 F: ACCCTGAGGAAACCATTCTCAACG 
R: TGTGCACCAGGTTCTTGTAGTCCA 

Myosin light chain 7 MYL7 F: GGAGTTCAAAGAAGCCTTCAGC 
R: GTCCCATTGAGCTTCTCCCC 

Nanog homeobox NANOG F: AATAACCTTGGCTGCCGTCTC  
R: AGCCTCCCAATCCCAAACAAT  

Neural cell adhesion molecule 1  NCAM1 F: GATGCGACCATCCACCTCAA 
R: CCAGAGTCTTTTCTTCGCTGC 

NK2 homeobox 5  NKX2.5 F: AGTGCACTTGGCAGAGTGAG 
R: TCTGAGGGGGAACAGAGAGG 

Nephronectin  NPNT F: GGTGGCCCAGGCAAATAGT  
R: CACTTGCACTTGTTTGGCCC  

Natriuretic peptide A  NPPA F: TAGAAGATGAGGTCGTGCCC  
R: GGGCAGATCGATCAGAGGAG 

Natriuretic peptide B NPPB F: GTCCCACAGGTGTCTGGAAG 
R: TAATGCCGCCTCAGCACTTT 

Platelet derived growth factor receptor 
alpha 

PDGFRA F: CTGGACACTGGGAGATTCGG 
R: CACGGCCTCCAATGATCTCT 

Platelet and endothelial cell adhesion 
molecule 1 

PECAM1 F: ATGAGAACCACGCCTAGCCA  
R: GCTCGGTTCTCTCTGTGACTT  

Polo like kinase 1 PLK1 F: CTACATCGACGAGAAGCGGG  
R: TAGGAGGCCTTGAGACGGTT  

Phospholamban PLN F: GATCACAGCTGCCAAGGCTA  
R: TTTGACGTGCTTGTTGAGGC 
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Periostin POSTN F: AGGTCACCAAGGTCACCAAAT 
R: TCACTGAGAACGACCTTCCCT 

POU class 5 homeobox 1  POU5F1 F: ATGCATTCAAACTGAGGTGCCT 
R: AACTTCACCTTCCCTCCAACCA 

Pleiotrophin PTN F: CCATCTCATGGCCTCTTGGT  
R: GCCTTTGACTCAATTACGCCC  

Ryanodine receptor 3 RYR3 F: GCAAGATGTCAAAAGCCATGC  
R: TATCGCGATTTTGCGAGGGA 

Sodium voltage-gated channel alpha 
subunit 5 

SCN5A F: CGGGAGCTTTGAGACAGGTG 
R: TGGCACTTGATGTCTGTCCT 

Signal regulatory protein alpha  SIRPA F: AAATACCGCCGCTGAGAACA  
R: TGTCCTGTGTTATTTCTCTGGCA  

Solute carrier family 8 member A1  SLC8A1 F: ACAGGCCAACCTGTCTTCAG 
R: CATTTCTGCAATGCGCCTCT 

Sarcolipin  SLN F: CAAGTGTTTGCCAGGGAACG 
R: TGGGTTGAAGGGATGTGTGG 

Smoothelin SMTN F: TGGCTTCTCAATCCAGGTCC 
R: TAGCTCCGTCGGTTCCTTTC 

Snail family transcriptional repressor 1 SNAI1 F: CGAGTGGTTCTTCTGCGCTA 
R: GGGCTGCTGGAAGGTAAACT 

Snail family transcriptional repressor 2 SNAI2 F: GCTACCCAATGGCCTCTCTC 
R: CTTCAATGGCATGGGGGTCT 

Transgelin TAGLN F: CCCTGAGGAAGCCTTGTGAG 
R: GACTGAGAGGGTGGGTTTCC 

T-box 18 TBX18 F: TGGAACTGTGCTTTAGTTTTACAGG 
R: TTTGAATGGACTTGGAATGATCTC 

T-box 5 TBX5 F: CAGTCCCCCGGAACAACTC 
R: TTCTCCGGAGGAATGAGGGT 

Transcription factor 21  TCF21 F: CTGACGTGGCCCTTTATGGT 
R: ACAGAGAGAGGAGCATTGCG 

TEK receptor tyrosine kinase TEK F: CTGAAAATGCTGACCGGGAC  
R: GGCACTCAAGCCCTATCCAT  

Transforming growth factor beta 1  TGFB1 F: ATGGAGAGAGGACTGCGGAT  
R: TAGTGTTCCCCACTGGTCCC  

Thyroid hormone receptor, alpha  THRA F: GTGGGGCACTCGACTTTCA 
R: GAAGAGTCAGGAGGCGTACC 

Thy-1 cell surface antigen THY1 F: TGGATTAAGGATGAGGCCCG 
R: TGGGGAGGTGCAGTCTGTAT 

Tenascin C  TNC F: AACAAAGCGGGGAATGTTGG  
R: CCTGTAAGCTTTTCCCAAGTGTG  

Troponin I1, slow skeletal type TNNI1 F: TGGGGTATCCACCCAGTCAT 
R: CCCTCTGGTTGGCTCTTCTG 

Troponin I3, cardiac type  TNNI3 F: CCCTCACTGACCCTCCAAAC 
R: CTGCAATTTTCTCGAGGCGG 

Troponin T2, cardiac type  TNNT2 F: GAGAAGGAGCGGCAGAACC 
R: CCTCTTCCCACTTTTCCGCT 

Ubiquitin C UBC F: TTTCCAGAGAGCGGAACAGG 
R: AGAACTGCGACCCAAATCCC 

Vascular cell adhesion molecule 1 VCAM F: AATGCCTGGGAAGATGGTCG 
R: GTCACCTTCCCATTCAGTGGA 

Vimentin VIM F: GGACCAGCTAACCAACGACA 
R: AAGGTCAAGACGTGCCAGAG 
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Wilms tumor 1  WT1 F: CCTGAAGACCCACACCAGGA 
R: GATGCATGTTGTGATGGCGG 

RNA, 18S ribosomal 18S F: CTTCCACAGGAGGCCTACAC 
R: CTTCGGCCCACACCCTTAAT 

 

 
Supplementary Method 1. Peak analysis script 
 
To calculate individual peak parameters from the detrended filtered calcium traces, peaks were 

first detected by finding all local maxima separated from the nearest local maxima by at least 25 

ms and then local minima (first sample value < 5% of the maximum) were calculated on both 

sides of each maxima [237]. Peaks were merged whenever the local minima for a peak was larger 

than the next sequential local maxima, which merged spurious peaks on the downstroke. Finally, 

peaks were excluded when they either started or ended at the edge of the time series, or if there 

were fewer than two peaks in a single time series. 

Rise times (50%, 85% and 95% of maximum) were calculated using the difference between the 

starting minimum and maximum peak value. Fall times (50%, 15%, 10% of maximum) were 

calculated using the difference between peak value and ending value. Mean, standard deviation 

and max velocity were calculated using the filtered instantaneous velocities that were positive in 

the upstroke or downstroke direction respectively. 

Mean beat rate, beat rate standard deviation and beats per minute were calculated for samples 

with at least two peaks using the time between starting minimum to ending minimum. Each 

beating region was analyzed independently. 
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Concluding Remark 

 

The doctoral thesis presented here was designed with the main goal of performing a comparative 

analysis between fetal and adult cardiac ECM in order to dissect differences within their 3D 

structural organization and consequent cell modulatory properties. Although ECM cell modulatory 

properties have been generally accepted across the cardiovascular field as a regulator of heart 

development and homeostasis, the field has not yet determined how the native cardiac ECM, with 

both its native composition and structure, impacts on adhesion, migration, differentiation and 

maturation of cardiac cells. We proposed that through the characterization of tissue-specific ECM, 

age-specific features would prove to be fundamental for the i) the establishment of in vitro models 

of fetal and adult in vivo-like microenvironments and ii) identification of the regenerative properties 

inherent to fetal microenvironment that may be harnessed for potential therapeutic applications. 

We approached this endeavor through the identification of tissue- and age-specific ECM chemical 

composition, structural arrangement, mechanical properties, and their ability to modulate cardiac 

cell behavior. 

 

The direct effective way to isolate and study tissue-derived ECM is through tissue decellularization 

methodologies. Over the years, different decellularization methodologies have been established 

for specific tissues, claiming high decellularization efficiency and ECM preservation, particularly 

for heart and lung tissue/whole organ decellularization [95, 102, 238]. However, no major efforts 

have been put toward the standardization of decellularization methodologies [113, 163]. The 

caveat of the development of specific decellularization methodologies among laboratories and 

tissues samples is the lack of potential for a direct comparison across different studies, and 

possibly misleading conclusions due to the application of different decellularization methodologies 

[94, 95, 111, 112, 239]. Thus, in order to perform a standardized and head-to-head comparison 

among different tissue samples and across tissue developmental stages, we established a low-

SDS based decellularization methodology that equally isolated fetal and adult heart and lung 

tissues with preserved chemical and structural features of the native microenvironments while 

retaining bioactive modulatory properties [98, 105, 110]. In addition, the developed protocol 

demonstrated a broader range of applications, being successfully applied to human healthy and 

cancerous intestine tissue biopsies, demonstrating clinical relevance by facilitating the study of 

human ECM in healthy and diseased contexts [105]. Regarding published methods, the 

application of the same decellularization approach on fetal and adult tissues has only been 
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reported in rhesus monkey kidneys [157]. Similarly, cross tissue decellularization has been solely 

demonstrated through perfusion-based methods, but missed in vitro validation of the ECM’s 

biocompatibility and bioactive properties [113, 162, 163]. In addition, the majority of 

decellularization methodologies have been developed for adult tissue, and only a limited number 

of studies report fetal tissue/organ decellularization, which are more fragile and often destroyed 

by the relatively harsher protocols designed for adult tissues [94, 95, 98, 157]. The standardized 

developed protocol under the scope of this doctoral thesis demonstrated to be easily applied to 

different tissues, however also present some limitations, namely the requirement of small samples 

and some variability observed in decellularization efficiency of adult cardiac tissues which could 

be easily detected through histological analysis. Further improvements could be considered in 

order to perform explants of equivalent dimensions and geometries, for better standardization 

across samples and more reproducible decellularization efficacy. 

To the best of our knowledge, this is the first protocol capable of a standardized decellularization 

of various tissues from different species, stages of development and physiologic state and, thus, 

of broad interest and direct relevance to researchers examining cross-tissue cell-ECM 

interactions, and also those using ECM as biomaterials. 

 

The current knowledge on qualitative and quantitative characterization of ECM dynamics 

throughout heart and lung tissue ontogeny are mainly based on immunostaining data of tissue 

sections and protein blots [114, 125, 240]. Although of high relevance, these data lack 3D spatial 

information of the ECM structure and potential no detection/identification of low abundant ECM 

molecules due to background “cellular noise”. Thus, the absence of native ECM annotation has 

led to fairly simplistic biomimetic ECM in vitro systems intended to replicate the fetal and adult 

microenvironments [94, 95, 222]. Decellularization methodologies have been reported to facilitate 

the characterization of physicochemical properties of tissue ECM [94, 96, 97, 110, 113]. To better 

understand which components are necessary to design biomaterials that resemble age-specific 

features and cell instructive functions of in vivo cardiac microenvironments, we performed an 

extensive characterization of fetal and adult heart ECM. In parallel, fetal and adult lung ECM 

features were also evaluated, as non-cardiac ECM controls. Our findings suggest that age largely 

impacts ECM chemical composition fibril organization, and structural arrangement of heart and 

lung tissues. Interestingly, fetal heart and lung ECM are mainly composed by coiled-like fibril 

bundles, suggestive of highly elastic properties, in accordance with previous reports [241]. 

Nevertheless, no major differences were identified in local stiffness properties between age- and 

tissue-specific ECM, implying that cells are the major source of tissue stiffness [242, 243]. 
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However, adult heart and lung ECM demonstrated a trend of higher stiffness in comparison with 

fetal counterparts, resembling the trend for higher tissue rigidity observed in native tissues 

throughout life [244-246]. Of note, no previous reports assessed decellularized fetal heart and 

lung tissue mechanical properties. Age and tissue origin determines distinct chemical 

composition, and distribution and arrangement of ECM molecules. Fetal and adult hearts present 

differences in ECM composition, which are in accordance with previous studies, i.e. 

demonstrating that fetal heart is enriched in fibronectin (FN) in contrast to adult heart [58, 94, 125, 

247, 248]. Despite the pioneering work of Williams and colleagues in the dissection of ECM 

composition dynamic throughout heart life, no major structural information was assessed [94]. In 

addition, we observed that the fetal heart FN network presents a more fibrillar arrangement in 

comparison with adult heart and lung tissues. The biological meaning and impact of distinct FN 

network arrangements are not yet completely elucidated. Our hypotheses are that the differences 

in FN organization can be the result of differences in FN isoforms and/or on distinct capabilities 

of fetal versus adult cardiac and lung cells to assemble and remodel FN. Indeed, a differential 

expression of plasma/soluble FN (lacking the alternative spliced EDA and EDB exons) and 

cellular/insoluble FN (contain a single or both EDA and EDB exons) isoforms have been 

correlated with tissue age, where cellular FN was demonstrated to be highly abundant during 

embryogenesis and almost absent in adult tissues [249-251]. The impact of EDA and EDB on FN 

function are not clear, although one of the hypotheses in the field is that EDA and EDB may 

contribute to FN conformation and consequently to enhanced functional properties. In addition, 

3D analysis of the basement membrane/pericellular matrix performed in our laboratory revealed 

that fetal heart ECM displayed loose meshwork with thin and irregular arrangement, in contrast 

to the adult heart ECM that displayed a thicker and better organized network [98]. We hypothesize 

that the distinct composition and arrangement of basement membrane/pericellular matrix with age 

orchestrates distinct cellular behavior, due to the fact that basement membrane/pericellular matrix 

is the major instructive ECM compartment [252, 253]. Interestingly, adult lung tissues demonstrate 

an enriched composition on nephronectin, a transient ECM molecule expressed during heart 

development and with CM adhesive properties [110, 120, 235]. Though our work is not an 

exhaustive study of age-dependent cardiac and lung ECM, it highlights the complex fiber 

composition, spatial distribution and dynamics of different ECM molecules on cardiac and lung 

decellularized tissue with age. Presently, we have initiated preliminary studies with mass 

spectrometry in order to better dissect the composition of heart and lung tissue with age. With this 

proteomic analysis, we expect to determine whether there is a group of ECM molecules that 

defines the identity of fetal microenvironments among tissues, or cardiac- and lung-specific ECM. 
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The first evidence of the cell-regulatory nature of the ECM emerged through the observation that 

alteration of the normal expression of ECM related genes led to congenital malformations, disease 

and even death [117, 254, 255]. Mouse models engineered to encode deletions or perturbations 

of ECM related genes further validated these observations. Nevertheless, a variety of mutations 

in ECM related genes are embryonic lethal, blocking further assessment of the ECM modulatory 

properties in later stages of development. Under such constraints, tissue decellularization enables 

the evaluation of ECM bioactive properties by allowing the input cells used for repopulation to 

provide a functional readout of ECM active properties. Recent studies focused on the implication 

of age on ECM capability to modulate cells used simplified 2D in vitro models of the fetal and 

adult cardiac microenvironment lacking the physiological relevance of the native 3D 

microenvironment [94, 95]. Additionally, in this and other cases, ECM is pepsin-digested in order 

to facilitate the application of the ECM as cell cultures substrate or for hydrogel formation [94, 95, 

222, 256]. This “artificial” digestion of the ECM by pepsin can induce the formation of peptides 

with non-physiological, weak or altered biological activities in comparison with the ECM peptides 

generated by cells through synthesis of metalloproteinases and other related enzymes, i.e. 

physiological ECM degrading enzymes. Thus, through the repopulation of fetal and adult heart 

and lung ECM with cardiac-relevant cells in a 3D context, we intended to address i) how age-

dependent dynamics of ECM controls cardiac cells phenotype and function, ii) which mechanisms 

are involved in putative differential repopulation capabilities observed between fetal and adult 

heart ECM, iii) whether a correlation exists between a cell phenotypic commitment during 

differentiation and the ability to sense and respond to extracellular cues, and iv) to what extent 

cardiac cells are capable of being modulated by ECM derived from non-autologous tissues.  

Preserving the in vivo-like structure of fetal and adult, heart and lung ECM, we demonstrated that 

age- and tissue-specific ECM promotes distinct cardiogenic modulatory properties. Previous 

reports described adult decellularized heart repopulation with distinct cardiac cell types [102, 228, 

257]. Notably, Ott el al. demonstrated what is so far the most complex seeding strategy by 

repopulating adult rat heart with neonatal cardiomyocytes (CM), fibrocytes, endothelial cells and 

smooth muscle cells, but without phenotypic and functional analytical follow-up on the repopulated 

cells [102]. Despite our simple approach using a single cell type performed in our ECM 

repopulation studies, we demonstrated a systematic comparative analysis of fetal and adult heart 

ECM repopulation with cardiac cells at different stages of cardiac differentiation with mechanistic 

and functional readouts [98] and Chapter V). Our studies suggest that fetal heart ECM constitutes 

a microenvironment with high cell-instructive features independently of the cardiac cell type used 
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for in vitro repopulation. Furthermore, our data suggest a correlation between cardiac cell 

phenotype and the number of cells detected at the core of decellularized cardiac tissues. Stromal-

like cells (Vimentin+ TroponinT-) and cardiac cells with immature-like phenotypes, namely, 

iCPCSca1 (putative adult cardiac progenitor) and iPSC-CP demonstrated a greater potential to 

invade tissue-derived ECM in comparison with committed CM (neonatal rat CM and human iPSC-

eCM) [98](Chapter V). We identified proliferation as the major mechanism involved in 

decellularized tissue repopulation using iCPCSca1 cells system, as opposed to migration. We were 

not able to identify the mechanism(s) that explain the differential cell number of observed across 

fetal and adult decellularized heart tissues. However, we speculate that the differences in cell 

response among fetal and adult tissues samples in this study are indeed a result of an active cell 

response to the microenvironment, by the demonstration that the open nature of adult lung ECM 

network is not sufficient to attain the high repopulation yields observed on fetal heart ECM.  

Recent reports demonstrate that phenotypically immature cardiac cells display better capabilities 

to response to extracellular cues [52, 228]. Indeed, we observed more prominent cell behavior 

alterations in iPSC-CP and iCPCSca1 repopulation experiments, relative to iPSC-eCM or neonatal 

CM. The culture of human iPSC-CP in fetal and adult heart ECM indicates that the 3D ECM 

environment supports differentiation and maturation of these cells into functional ventricular-like 

CM [95, 228, 230, 258](Chapter V). Ventricular CM constitutes the vast majority of CM and, 

accordingly, the generation of iPSC-derived ventricular CM is of major importance to the 

cardiovascular field for proper in vitro modeling of specific cardiovascular disorders and the 

development of effective cell therapies [259, 260]. Our data suggest that ECM cues present in 

decellularized fetal and adult heart ventricles and adult lung may contribute to a higher 

differentiation of iPSC towards this CM subtype. Further experiments are required to expand this 

understanding include decellularized atria in order to corroborate this observation.  

On the other hand, higher functional performance of CM (neonatal rat CM and differentiated 

human iPSC-CP) was positively correlated with fetal heart ECM, contrarily to what have been 

reported [95]. The high capability of fetal heart ECM to be repopulated by cardiac cells was able 

to promote better cell-cell communication among CM, evidenced by increased whole-structure 

contraction in a synchronous fashion ([98] (Chapter V). We hypothesize that these different 

observations are a result of the distinct 3D conformation of heart ECM, i.e., native-like ECM vs. 

hydrogels. Nevertheless, repopulating CMs exhibited an immature phenotype when cultured in 

ECM samples, characterized by a round shape morphology, small size and disorganized 

myofibrils [98](Chapter V). No major CM structural maturation has been reported on cardiac 

decellularized tissues [98, 102, 228, 230]. We postulate that the absence of a morphological 



Chapter VI  | Concluding remarks and future perspectives 

142  

maturation of the CM may result from CM constraint by the ECM structure, particularly as it is 

compacted by the cultured cells and the subsequent microstructural alterations (porosity, fibers 

alignment) observed during in vitro culture. This structure/function relationship has been well 

documented in the cardiac field, as previous studies showed the relevance of CM in vitro cultures 

on micropatterned structures resembling cardiac cell alignment in the native heart as fundamental 

for phenotypic CM maturation [53, 261]. Of note, the culture of iCPCSca1 in fetal and adult heart 

ECM did not favor the differentiation of these progenitor cells. Indeed, iCPCSca1, similarly to other 

putative adult cardiac progenitors, demonstrated limited differentiation capabilities in vitro and in 

vivo [70]. Interestingly, we observed that the age of the decellularized cardiac tissues impacts the 

secretory profile of iCPCSca1. Fetal heart ECM proteins were shown to enhance the secretion of 

cardiac mitogens by iCPCSca1, in comparison with adult ECM [58]. It is important to mention that 

the major contributions of iCPCSca1 after heart transplantation are mainly related to their paracrine 

factors [70]. Thus, these results suggest that a combinatory therapy of iCPCSca1 and fetal cardiac 

ECM may contribute to higher improvement of heart recovery post-injury. Nevertheless, in vivo 

studies need to be performed to further validate this hypothesis.  

In addition, we observed that fetal tissue-derived ECM are not universal highly-instructive 

microenvironments between different cardiac cell types, and that cardiac cells can respond to 

non-autologous microenvironments, such as adult lung ECM. A favorable in vivo response has 

been evidenced through the application of non-autologous decellularized tissues, such as urinary 

bladder, in a heart injury context [236]. Why non-autologous ECM positively modulated the 

cardiac cell response is an important and unsolved questions in the field. We hypothesize that 

adult lung, similarly to the adult urinary bladder, retains a chemical microenvironment that mirrors 

relevant ECM elements present in the heart.  

 

Overall, our findings support fetal heart-derived ECM as a promising biomaterial for cardiac 

therapeutic application since it retains structural and chemical cues from the developing heart that 

have been demonstrated to: (i) promote a higher repopulation efficiency independently of the cell 

model or cell differentiation stage; (ii) modulate adult cardiac progenitor cells towards a highly 

cardiac mitogenic secretory profile; (iii) promote a faster differentiation, and transcriptional and 

functional maturation of iPSC-CP.  
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Future Perspectives 

 

In the framework of the present doctoral thesis, we performed a systematic head-to-head 

comparison of fetal and adult heart ECM that allowed the identification of age- and tissue-specific 

ECM properties and the observation of differential cell modulatory properties of the cardiac ECM. 

Given the complexity of tissue-specific ECM, further work is required to determine which ECM 

molecules define the identity of fetal microenvironments among all tissues, as opposed to cardiac- 

and lung-specific ECM, and which mechanism(s) underly the differential cell behavior observed 

between fetal and adult decellularized heart tissue. Additionally, there has been very little work 

done to explore the extent to which the fetal and adult ECM dictate in cardiac cells transcriptomic 

and epigenetic alterations. Thus, future experiments will be focused on: (i) a more in depth 

characterization of fetal and adult heart and lung tissues by mass spectrometry; (ii) establishment 

of an in vitro system that replicates either the chemical or structural features of the fetal and adult 

heart ECM in order to decouple the relevance of chemical, structural and mechanical properties 

on cardiac cell function; (iii) single-cell RNA-sequencing (scRNA-seq) analysis to better dissect 

how age- and tissue-specific ECM promotes specific transcriptomic modulation of iPSC-CP; and 

last, but not the least (iv) Assay for Transposase-Accessible Chromatin using sequencing (ATAC-

seq) and Chromatin immunoprecipitation sequencing (ChIP-seq) will be performed to evaluate 

how the age of the ECM can dictate alteration of chromatin accessibility and consequent 

activation of specific promoter and/or enhancer regions within the genome. 

 

To better distinguish differences among fetal and adult heart ECM that yield very different cellular 

responses, we intend to perform comparative mass spectrometry analysis among fetal and adult 

heart and lung tissue. The group of ECM samples in this study captures ECM with distinct abilities 

of being repopulated (fetal heart, high repopulation; fetal low-to-absent repopulation) which will 

be helpful to understand the criteria that defines a ECM composition as favorable or not for cardiac 

cells culture. In addition, we envisage that this study will be helpful for the identification of 

elements that characterizes fetal versus adult and heart versus lung microenvironments. 

Moreover, proteomic data will be useful to define a set of candidate ECM molecules for further 

validation as key cardiac cell instructive molecules. 

 

In the scope of this doctoral thesis, distinct ECM features (fiber composition and arrangement, 

ECM chemical composition, tissue stiffness) were identified among fetal and adult, heart and lung 

tissues. To better elucidate how these features individually impact the CM response, we intend to 
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use a cell-derived ECM system. Indeed, the McDevitt laboratory has established a cell-derived 

cardiac ECM in vitro system that generates 25µm thick ECM that intent to replicate the fetal and 

adult heart in vivo microenvironment. The generation of cell-derived ECM provides a highly 

tractable, easily modifiable system to further interrogate the role of specific ECM molecules on 

ECM architecture and cell response modulation. 

 

Despite the identification of broad changes in gene expression of cardiac cells in contact with fetal 

and adult cardiac microenvironments, no major differences were observed among samples. 

Nevertheless, we observed that adult heart and lung ECM promote a better transcriptional 

maturation over fetal heart ECM, which in turns revealed higher functional performance. Thus, 

scRNA-seq analysis will be performed in order to evaluate transcriptomic alterations observed at 

a single cell resolution, in order to uncover heterogeneous cell responses to the fetal and adult 

microenvironment and help to assign an identity to TroponinT- cells detected in histological 

sections. We prospect, through this analysis, to correlate differences in cell transcription with cell 

modulatory properties of fetal and adult heart ECM. We intend to perform scRNA-seq analysis 

particularly at early stages of the ECM repopulation, where iPSC-CP specification into CM occurs 

(day 6-13 of cardiac differentiation). 

 

If relevant differences in transcriptome are identified on scRNA-seq data of the cardiac cells 

repopulating fetal and adult heart ECM, ATAC-seq will be performed in order to assess how these 

gene expression differences correlate with alterations of chromatin accessibility. The identification 

and correlation of open regions of the genome with transcriptomic data will further support the 

identification of regulatory regions and potential target transcription factor(s) involved on cells 

response to a specific a ECM (fetal vs adult ECM). ChIP-seq experiments will further probe if the 

candidate transcription factor(s) identified show preferential occupancy at promotor (identified by 

ChIP-Seq for H3K4me3) or enhancer regions (identified by ChIP-seq for H3K27ac, H3K4me1) 

associated with the changed gene expression. Indeed, previous reports demonstrated that ChIP-

seq analysis enable the prediction of tissue-specific activity of enhancers [262]. 

 

In summary, the results generated within the scope of this doctoral thesis contribute to the current 

state of the field through (i) the implementation of a standard decellularization methodology to 

perform comparative analysis of the ECM across tissue age, tissue type and health status; and, 

(ii) the identification of features that characterize highly instructive microenvironments for CM at 

different stages of differentiation, i.e., fetal heart ECM; (iii) and the correlation of immature cardiac 
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cells phenotypes with high ECM repopulating capabilities and plasticity to respond to external 

cues. The additional knowledge resulting from complementary future experiments will be 

fundamental for a deeper understanding of how low-abundance ECM proteins change between 

fetal and adult ECM, and how features of the ECM of fetal and adult heart are translated into 

profound alterations of the cardiac cell transcriptome. 
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METHODS ARTICLE

Generation of a Close-to-Native In Vitro System
to Study Lung Cells–Extracellular Matrix Crosstalk

Zuzana Garlı́ková, MSc,1,2 Ana Catarina Silva, MSc,3–6 Anas Rabata, DDS, MSc,1

David Potěšil, PhD,7 Ivana Ihnatová, RNDr.,7 Jana Dumková, MD,1 Zuzana Koledová, PhD,1

Zbyněk Zdráhal, RNDr.Dr.,7 Vladimı́r Vinarský, PhD,2 Aleš Hampl, DVM, PhD,1,2

Perpétua Pinto-do-Ó, PhD,3–5,* and Diana Santos Nascimento, PhD3,4,*

Extracellular matrix (ECM) is an essential component of the tissue microenvironment, actively shaping cellular
behavior. In vitro culture systems are often poor in ECM constituents, thus not allowing for naturally occurring
cell–ECM interactions. This study reports on a straightforward and efficient method for the generation of ECM
scaffolds from lung tissue and its subsequent in vitro application using primary lung cells. Mouse lung tissue
was subjected to decellularization with 0.2% sodium dodecyl sulfate, hypotonic solutions, and DNase. Resultant
ECM scaffolds were devoid of cells and DNA, whereas lung ECM architecture of alveolar region and blood and
airway networks were preserved. Scaffolds were predominantly composed of core ECM and ECM-associated
proteins such as collagens I-IV, nephronectin, heparan sulfate proteoglycan core protein, and lysyl oxidase
homolog 1, among others. When homogenized and applied as coating substrate, ECM supported the attachment
of lung fibroblasts (LFs) in a dose-dependent manner. After ECM characterization and biocompatibility tests, a
novel in vitro platform for three-dimensional (3D) matrix repopulation that permits live imaging of cell–ECM
interactions was established. Using this system, LFs colonized the ECM scaffolds, displaying a close-to-native
morphology in intimate interaction with the ECM fibers, and showed nuclear translocation of the mechan-
osensor yes-associated protein (YAP), when compared with cells cultured in two dimensions. In conclusion, we
developed a 3D-like culture system, by combining an efficient decellularization method with a live-imaging
culture platform, to replicate in vitro native lung cell–ECM crosstalk. This is a valuable system that can be
easily applied to other organs for ECM-related drug screening, disease modeling, and basic mechanistic studies.

Keywords: decellularization, lung, extracellular matrix, in vitro models, lung fibroblasts, biological scaffold

Introduction

Extracellular matrix (ECM) forms an organized
meshwork containing cell adhesion domains and pro-

teoglycans that immobilize soluble growth factors, thus pro-
viding spatial and contextual cues affecting cell migration,
proliferation, differentiation,1 and cell death.2 Interstitial
ECM in the lung is mainly produced by lung fibroblasts
(LFs), which, in turn, readily respond to changes in the
surrounding ECM, thus establishing a dynamic equilibrium
of ECM production and degradation.3–5

Several lung diseases involve dramatic ECM remodeling,
which results in excessive deposition of ECM components
and, subsequently, in heterogeneous ECM stiffening, com-
promising organ function. In fact, the feedback loop of re-
ciprocal interaction between pathological ECM and
fibroblasts greatly impacts pulmonary disease progression.
In idiopathic pulmonary fibrosis (IPF), a restrictive lung
disease associated with high morbidity and mortality,
components of ECM are highly degraded by matrix me-
talloproteinases (MMPs), making MMPs promising targets
for future therapy.6 Other potential targets for therapy of IPF
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2FNUSA-ICRC—International Clinical Research Center of St. Anne University Hospital Brno, Brno, Czech Republic.
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are the mechanosensors yes-associated protein (YAP) and
TAZ, as RNAi knockdown of YAP/TAZ has been shown to
attenuate the fibrotic behavior of IPF-derived LFs.7 Cur-
rently, no well-characterized murine model exists for IPF.8,9

Three-dimensional (3D) in vitro models based on lung
natural ECM scaffolds are promising tools to functionally
assess target proteins on patients’ cells in a 3D native-like
context.

However, generation of robust and consistent in vitro
models to study the interaction of native lung ECM with the
various lung cell types is yet challenging. Isolation of ECM
from native lung tissue involves the use of detergent-based
protocols, which impact the biochemical structural proper-
ties of the resultant ECM scaffold. The use of ionic deter-
gents during the decellularization process removes structural
ECM proteins, compromises the integrity of basal mem-
branes, and alters the resultant bioactive properties of lung
ECM scaffold.10,11 Therefore, the concentration of these
detergents should be minimized. A high pH during decel-
lularization, commonly employed to remove residual DNA,
eliminates ECM-bound glycosaminoglycans, which retain
growth factors that constitute the bioactivity of the ECM.12

Each tailored protocol differently impacts the structural
and biochemical properties of the ECM and, subsequently,
the biological effect of the generated ECM on cells dur-
ing subsequent in vitro seeding experiments.13 Although
these evidences demonstrate the greatest importance of
high-throughput biochemical characterization of the de-
cellularized ECM, studies often provide limited evidence
of ECM preservation.11,14,15 To ensure homogeneous and
effective removal of cellular material, the tissue must be
uniformly permeated by decellularization solutions.14 In
line with this, advanced perfusion systems, not commonly
available to all researches, are often required to decel-
lularize lung tissue.16–18

Here, we present a straightforward decellularization pro-
tocol to prepare ECM scaffolds from mouse lungs with
preserved microstructure, composition and with negligible
contamination of DNA. Protein identification and quantifi-
cation by mass spectrometry showed that ECM scaffolds
retained a diversity of ECM components with the marginal
presence of cellular proteins. We established an in vitro
platform for matrix repopulation that permits straight-
forward visualization of cells by confocal and electron
microscopy. In a proof-of-principle experiment, lung ECM
scaffolds were shown to promote attachment, cell spreading,
and proliferation of primary LFs. In addition, preferential
nuclear location of the YAP in LFs further demonstrated
cellular mechano-responsiveness to the ECM. This work
details the generation of an in vitro 3D-like culture system
that is relevant for researchers aiming at replicating the
in vivo cell–ECM crosstalk for understanding basic biolog-
ical mechanisms, drug screening, and disease modeling.

Materials and Methods

Decellularization of mouse lung

The decellularization protocol is an adaptation (Fig. 1A)
of a previously established protocol for mouse heart.19

Adult mice C57BL/6 (6–9 weeks of age) were euthanized
by carbon dioxide. A median sternotomy was performed in a
sterile fashion, and lungs were excised and cleaned with

phosphate-buffered saline (PBS). The left lobe was divided
in 10 parts (Fig. 1B). Samples were embedded in optimum
cutting temperature (OCT, Cryomatrix 6769006; Thermo
Scientific), cryopreserved in liquid nitrogen-cooled iso-
pentane (2-methyl butane; Sigma), and stored at -80�C up
to 30 days. For decellularization, samples were defrosted,
washed for 15 min in PBS under agitation (165 rpm), and
incubated for 18 h in hypotonic buffer (10 mM Trizma base
[Sigma], 0.1% EDTA [Sigma-Aldrich]). Next, the fragments
were washed three times with MilliQ water (1 h per wash),
followed by incubation in 0.2% sodium dodecyl sulfate
(SDS; Sigma-Aldrich) for 24 h. Samples were then washed
twice for 20 min in 10 mM Trizma base, followed by a long
wash overnight in the same buffer. For DNA removal,
samples were incubated for 6 h in a 50 U/mL DNase (Sigma)
solution, which was refreshed after 3 h of treatment. After
incubation with DNase, tissue fragments were washed three
times in MilliQ water (20 min per wash) at room tempera-
ture. All incubation steps were performed in an incubated
shaker at 25�C except for the DNase treatment, which was
performed at 37�C. Decellularization solutions were ad-
justed to pH 7.8. To prevent contamination, all incubation
and washing solutions contained a final concentration of
2.5mg/mL of fungizone (Thermo Fisher Scientific, 15290018)
and 10 mg/mL of gentamicin (Thermo Fisher Scientific,
15750060).

Histology and immunofluorescence

Decellularized and native lung tissues were fixed in 4%
paraformaldehyde (PFA) for 5 h followed by washing three
times with PBS for 10 min and then embedded in OCT for
immunostaining and in paraffin for histological staining.
Thin sections (3 mm) were prepared for hematoxylin and
eosin (HE) and Masson’s trichrome (MT) staining as pre-
viously described20 and immunostaining. For immuno-
staining, sections were permeabilized with 0.2% Triton in
PBS for 5 min and blocked in 4% fetal bovine serum (FBS)/
1% bovine serum albumin (BSA) in PBS for 1 h. Sections
were then incubated with primary antibodies in 4% FBS
(Lonza)/1% BSA (Sigma) in PBS:Collagen IV (goat, 1:50,
8 mg/mL; Millipore, AB769), fibronectin (rabbit, 1:400,
1.5mg/mL; Sigma-Aldrich, F-3648), or laminin (rabbit, 1:400,
1.25 mg/mL; Sigma-Aldrich, L9393). Secondary antibodies
used were: Alexa Fluor 555-conjugated donkey anti-rabbit
(A-31572, 1:500, 4mg/mL; Thermo Fisher Scientific, A21429)
and Alexa Fluor 568-conjugated donkey anti-goat (1:500,
4 mg/mL; Thermo Fisher Scientific, A-11057). Sections
were incubated with secondary antibodies for 1 h at room
temperature and counterstained with DAPI (dilution 1:1000;
Thermo Fisher Scientific, D1306). The sections were visu-
alized on an inverted microscope (LSM 800; Zeiss). For
immunostaining of collagen I and nephronectin, native and
decellularized adult lungs were formalin fixed for 2.5 h at
room temperature and processed for paraffin embedding.
Overall, 5 mm sections of the lung samples were subjected to
a heat-induced epitope retrieval and blocked with 1.5%
normal donkey serum (NDS; Fisher Scientific, NC9624464)
in PBS for 1 h. Collagen I (1:300, 3.3 mg/mL; Abcam,
ab34710) and nephronectin (1:100, 5mg/mL; Abcam, ab64419)
were diluted in 1.5% NDS, applied onto the samples, and
incubated overnight at 4�C. Then, the tissue sections were
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D
ow

nl
oa

de
d 

by
 U

cs
f 

L
ib

ra
ry

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
Sa

n 
Fr

an
ci

sc
o 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

4/
23

/1
8.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



F
IG

.
1
.

E
ff

ec
ti

v
e

ad
u
lt

lu
n
g

d
ec

el
lu

la
ri

za
ti

o
n
.

S
ch

em
at

ic
re

p
re

se
n
ta

ti
o
n

o
f

th
e

d
ec

el
lu

la
ri

za
ti

o
n

p
ro

ce
d
u
re

(A
).

M
ac

ro
sc

o
p
ic

im
ag

e
o
f

le
ft

lu
n
g

lo
b
e

w
it

h
d
a
sh

ed
li

n
es

in
d
ic

at
in

g
se

ct
io

n
in

g
b
ef

o
re

d
ec

el
lu

la
ri

za
ti

o
n

(l
ef

t)
an

d
re

p
re

se
n
ta

ti
v
e

im
ag

es
o
f

ti
ss

u
e

fr
ag

m
en

ts
b
ef

o
re

(t
o
p

ri
g
h
t)

an
d

af
te

r
d
ec

el
lu

la
ri

za
ti

o
n

(b
o
tt

o
m

ri
g
h
t)

(B
).

B
ar

g
ra

p
h

o
f

D
N

A
q
u
an

ti
fi

ca
ti

o
n

(l
ef

t)
an

d
re

p
re

se
n
ta

ti
v
e

im
ag

es
o
f

o
v
er

la
y

o
f

b
ri

g
h
t-

fi
el

d
an

d
D

A
P

I
st

ai
n
in

g
(r

ig
h
t)

o
f

n
at

iv
e

an
d

d
ec

el
lu

la
ri

ze
d

lu
n
g

(C
).

H
em

at
o
x
y
li

n
an

d
eo

si
n

(H
E

)
st

ai
n

an
d

M
T

st
ai

n
o
f

n
at

iv
e

an
d

d
ec

el
lu

la
ri

ze
d

lu
n
g

ti
ss

u
e

(D
).

A
rr

o
w

:
b
lo

o
d

v
es

se
ls

.
T

is
su

e
d
en

si
ty

o
f

n
at

iv
e

an
d

d
ec

el
lu

la
ri

ze
d

lu
n
g

ti
ss

u
e

(l
ef

t)
ca

lc
u
la

te
d

fr
o
m

H
E

b
in

ar
y

im
ag

es
(r

ig
h
t)

(E
).

D
at

a
ar

e
ex

p
re

ss
ed

as
m

ea
n

–
st

an
d
ar

d
er

ro
r

o
f

th
e

m
ea

n
.

H
E

,
h
em

at
o
x
y
li

n
an

d
eo

si
n
;

M
T

,
M

as
so

n
’s

tr
ic

h
ro

m
e;

S
D

S
so

d
iu

m
d
o
d
ec

y
l

su
lf

at
e;

S
E

M
,
sc

an
n
in

g
el

ec
tr

o
n

m
ic

ro
sc

o
p
y
.

C
o
lo

r
im

ag
es

av
ai

la
b
le

o
n
li

n
e

at
w

w
w

.l
ie

b
er

tp
u
b
.c

o
m

/t
ec

3

D
ow

nl
oa

de
d 

by
 U

cs
f 

L
ib

ra
ry

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
Sa

n 
Fr

an
ci

sc
o 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

4/
23

/1
8.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



incubated for 1 h with the Alexa Fluor 555-conjugated
donkey anti-rabbit secondary (1:400, 5 mg/mL; Invitrogen,
A-31572) and Hoechst 33342 (2 mM; Thermo Fisher Sci-
entific, 62249) in 1.5% NDS at room temperature. Sudan
Black B (Electron Microscopy Sciences, 21610) treatment
was performed for 20 min, protected from light, to re-
duce tissue autofluorescence. Tissue-stained sections were
mounted with ProLong� Gold antifade mounting medium
(Thermo Fisher Scientific, P36930), and images were ac-
quired by using the Zeiss inverted microscope.

Extraction and quantification of DNA

Genomic DNA was isolated in parallel from decellular-
ized and native lung tissue by using PureLink Genomic
DNA Mini Kit (Invitrogen) according to the manufacturer’s
instructions. DNA was labeled by using Qubit dsDNA
Assay Kit (Invitrogen) and measured on Qubit 2.0 fluo-
rometer (Invitrogen). Assay was performed on three indi-
vidual samples from decellularized and from native lungs.

Quantification of tissue density

Sections of native and decellularized lung samples were
stained with HE and photographed by using Leica CTR
5000 microscope. Then, binary images were generated by
using ImageJ.21 The default auto-thresholding method was
used to generate the binary images. Tissue density was
quantified by calculating the percentage of the area occupied
by tissue regarding the total area of each binary image.
Quantification was performed on three individual sections
each from native and decellularized lung.

Scanning electron microscopy

Native and decellularized lung tissue was sectioned into
cubic explants of *2 · 2 · 2 mm and processed for scanning
electron microscopy (SEM). Decellularized ECMs with LFs
were processed while they still adhered to the bottoms
of Petri dishes with a thin bottom for imaging purposes
(Ibidi).22 All samples were fixed in 3% glutaraldehyde in
100 mM cacodylate buffer for 2 h and then washed in ca-
codylate buffer (100 mM sodium cacodylate in distilled
water) for 15 min. The samples were dehydrated in 30%,
50%, 70%, 80%, and 96% ethanol gradient (15 min per each
concentration). Subsequently, the samples were dried at
critical point dryer CPD 030 (Balzers Union Limited),
sputtered with gold in a sputter coater SCD 030 (Balzers
Union Limited), and observed by means of a scanning
electron microscope (Vega, Tescan).

Transmission electron microscopy

Native and decellularized lung tissue was sectioned into
cubic explants of 2 · 2 · 2 mm, fixed in 3% glutaraldehyde
in 100 mM cacodylate buffer for 2 h, and finally washed in
cacodylate buffer (100 mM sodium cacodylate in distilled
water) for 1 h. Samples were dehydrated in 70%, 96%, and
100% ethanol grade and then in 100% acetone at 4�C,
40 min for each step. Subsequently, the samples were em-
bedded in epoxy resin Durcupan (Durcupan ACM; Sigma).
Ultrathin sections were prepared on ultramicrotome (LKB
8802A) and observed by means of transmission electron
microscopy (Morgagni 268D TEM; FEI).

Mass spectrometry analysis

Four samples (each from different mice and from dif-
ferent decellularization experiments) were processed for
liquid chromatography-mass spectrometry (LC-MS) analy-
sis. Detailed description of the method is available in Sup-
plementary Methods (Supplementary Data are available
online at www.liebertpub.com/tec).

Isolation of primary mouse LFs

Lungs from ICR mice (6–7 weeks old) were excised,
washed with PBS, and minced by using a scalpel. The
sorting strategy was adapted from a previously published
protocol.23 A detailed protocol of cell isolation and sorting
strategy is outlined in Supplementary Methods.

Cell culture on ECM slices

Decellularized lung tissue was embedded in OCT com-
pound (Tissue-Tek) and sectioned on cryomicrotome into
25 mm-thick, slices, which were then left to adhere to the
bottom of an Ibidi dish for 20 min at 37�C. The remaining
OCT was removed by three washes with PBS. LFs were
seeded at the top of ECM slices that adhered to Ibidi dishes
at a density of 50,000 cells/cm2. The samples were fixed in
4% PFA and further analyzed after 6 days of culture.

Immunostaining of repopulated ECM slices

Repopulated ECM slices were fixed in 3.7% formalde-
hyde for 15 min, permeabilized by using 0.5% Triton X-100,
and blocked in 3% BSA in PBS for 60 min. The samples
were stained by using different primary antibody cocktails
overnight at 4�C. The primary antibodies used were: Col-
lagen IV (rabbit, dilution 1:200, 5mg/mL; ab6586), MMP-2
(rabbit, dilution 1:200, 5 mg/mL; ab37150), and MMP-9
(rabbit, dilution 1:500, 2 mg/mL; ab38898) from Abcam, and
YAP (mouse, dilution 1:200, 0.5 mg/mL; Santa Cruz Bio-
technology, sc-101199). After a washing step with PBS,
the incubation with secondary antibodies was performed
for 1 h at room temperature. The secondary antibodies ap-
plied were: Alexa Fluor 488-conjugated anti-rabbit (dilution
1:600, 3.3 mg/mL; A-11008), Alexa Fluor 568-conjugated
anti-rabbit (dilution 1:600, 3.3 mg/mL; A-11036), and
Alexa Fluor 568-conjugated goat anti-mouse (dilution
1:600, 3.3 mg/mL; A-11031) antibodies (all from Thermo
Fisher Scientific). Phalloidin-Rhodamine (dilution 1:400;
Thermo Fisher Scientific, R415) was added together with
secondary antibodies and incubated for 1 h at room tem-
perature. Nuclei were counterstained with DAPI for 5 min,
and the resulting samples were imaged with a scanning
confocal microscope (Zeiss LSM 800).

Staining of repopulated ECM slices with EdU

Cryopreserved ECM thick slices previously seeded with
LFs for 6 days were stained with Click-iT� EdU Alexa
Fluor 594 HCS Assay (Invitrogen) as follows: 20mM EdU
was added to culture media for 1 h at 37�C and then fixed in
3.7% formaldehyde for 15 min. Samples were permeabilized
by using 0.5% Triton X-100 in PBS. Click-iT reaction
cocktail containing Alexa Fluor 549 azide was added and
left for 30 min at room temperature, protected from light.
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Samples were blocked in 3% BSA in PBS and stained with
primary antibody for collagen IV (rabbit, dilution 1:200,
5 mg/mL; Abcam, ab6586) overnight at 4�C. Then, the
samples were washed, incubated with Alexa Fluor 488-
conjugated anti-rabbit antibody (goat, dilution 1:600, 3.3 mg/
mL; A-11008), and counterstained with DAPI (dilution
1:1000).

Homogenization of lung ECM

For the lung ECM to be applied as coating, the samples
were first mechanically homogenized. After the decellular-
ization process, each explant of decellularized lung was
separately immersed in 200 mL of sterile PBS and me-
chanically disrupted by ceramic beads (MagNA Lyser
Green Beads; Roche) by using a homogenizator (MagNA
Lyser; Roche). Samples were homogenized three times for
25 s at 6000 rpm and cooled on ice for 1 m between each
homogenization round to prevent overheating. Protein con-
centration was measured with DC Assay according to the
manufacturer’s instructions (Bio-Rad). For each culture
experiment, fresh ECM was isolated and homogenized be-
fore application.

Attachment assay

A 96-well plate was coated with homogenized lung ECM
diluted in PBS and left overnight at 37�C. Three concen-
trations of homogenized ECM were used: 10, 100, and
1000 ng/mL, as well as PBS alone as a control. The volume
of coating solution was (600 mL/cm2). LFs were seeded at a
number of 30,000 cells/cm2 and left to attach for 30 min.
Subsequently, the medium was removed and cells were
fixed in 3.7% formaldehyde for 20 min. After being washed
twice with PBS, cells were incubated for 60 min in 0.1%
crystal violet solution followed by three washes in PBS.
Crystal violet accumulated in cells was then dissolved in
33% acetic acid, and absorbance was measured at 590 nm
with a multi-mode reader (Synergy HTX; BioTek). The
assay was performed in three independent experiments by
using technical triplicates in each.

Statistical analysis

Results are shown as averages – standard mean error. The
F-test for variance was performed to test variance of results
followed by the two-tailed t-test to determine whether any
group was significantly different from control ( p < 0.05).

Results

Decellularization of lung explants

Lung ECM was obtained by subjecting alveolar tissue
fragments to decellularization (Fig. 1A). Cell removal was
attained by three main steps: (1) cell lysis by osmotic shock
(hypotonic buffer), solubilization of lipid–protein, DNA–
protein, and protein–protein interactions (using a low
concentration—0.2% of SDS), and nuclear material removal
(DNase treatment) (Fig. 1A). During decellularization, the
tissue progressively became whiter and in thinner regions
transparent, indicating cellular removal (Fig. 1B). Clearance
of nuclei was evidently showed by absence of DAPI stain-

ing. Quantification of DNA isolated from decellularized and
native tissue further confirmed removal of >99% of DNA
(from 261.7 – 30.14 ng/mg to 1.757 – 0.211 ng/mg, respec-
tively) (Fig. 1C). HE staining showed normal distribution of
cells in native mouse lung tissue, whereas decellularization
effectively removed cellular components while preserving
the typical porous alveolar structure (Fig. 1D). MT staining
evidenced the preservation of collagen network (blue-
stained) after decellularization (Fig. 1D). The removal of
cellular components was also evidently showed by de-
creased tissue density of the explants. Native tissue in the
alveolar compartment exhibited average 35.18% – 1.16% of
tissue covered area whereas the decellularized tissue ex-
hibited average 22.3% – 2.15%, resulting in a 12.9% de-
crease of tissue density after the decellularization procedure
(Fig. 1E).

Proteomic analysis of lung ECM

A precise combination of ECM proteins defines the cel-
lular microenvironment of a specific tissue in normalcy and
in a pathological state. To obtain the proteomic signature of
lung ECM, we subjected decellularized scaffolds to pro-
teomic analysis by mass spectrometry. Functional clustering
of identified proteins, based on in silico Matrisome database
(http://matrisomeproject.mit.edu),24,25 confirmed the effi-
ciency of our decellularization protocol by showing that
ECM scaffolds are predominantly composed, in terms of
ppm, of matrisomal proteins (core ECM proteins [89%] and
ECM-associated proteins [0.5%]), despite containing a
remnant fraction of cellular proteins (non-ECM proteins (10.
5%)) (Fig. 2A).

Collagens, which are the critical ECM structural com-
ponents, were identified as the most abundant group in lung
ECM scaffolds, predominantly represented by collagen I,
III, and IV (Fig. 2B). The second most represented group of
proteins were adhesive glycoproteins such as laminin, fibrillin,
and fibronectin. We repeatedly identified nephronectin, an
alpha-8 and beta-1 integrin-binding ECM protein identified
in various organs including kidney and lung,26,27 as the most
abundant glycoprotein present in the decellularized lung
(Table 1).

Proteoglycans were also abundant in the decellularized
lung as shown by the identification of their core protein,
namely, heparan sulfate proteoglycan core protein, the third
most represented group of proteins in ECM scaffold. He-
paran sulfate is an essential regulator of cell-growth factor
interaction and creates local gradients by the immobilization
of soluble bioactive proteins. Of the total protein content,
0.5% were identified as ECM regulators, which are proteins
responsible for crosslinking of ECM proteins and are es-
sential for regulation of ECM topography. The most abundant
ECM regulators present in the scaffold are transglutaminase 2
and lysyl oxidases. Of note, the secreted protein multiple
epidermal growth factor-like domains protein 6 (MEGF6),
whose function is yet unknown, was detected in homogenate
as relatively abundant.

Transforming growth factor b (TGF-b) signaling is active
during lung development and actively participates in tis-
sue homeostasis and repair in adult lung.28 In homeostatic
conditions, TGF-b is immobilized in the ECM in complex
with latency-associated peptides and latent TGF-b-binding
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FIG. 2. High-throughput proteomic analysis of decellularized mouse lung. Doughnut chart shows coverage percentage of
the total amount of protein identified by mass spectrometric analysis and classified as core ECM proteins, ECM-associated
proteins, and non-ECM proteins (A). Doughnut chart shows coverage percentage of the different categories of matrisomal
proteins (B). Most abundant proteins are detailed in Table 1. ECM, extracellular matrix. Color images available online at
www.liebertpub.com/tec

Table 1. Mass Spectrometric Analysis of Decellularized Mouse Lung

Core ECM proteins ppm ECM-associated proteins ppm

Collagen alpha-1(I) chain 163,727 Protein-glutamine gamma-glutamyltransferase 2 1612
Collagen alpha-2(I) chain 111,783 Lysyl oxidase homolog 1 843
Collagen alpha-1(III) chain 92,295 Multiple epidermal growth factor-like

domains protein 6
568

Collagen alpha-1(IV) chain 90,438 Protein-lysine 6-oxidase 513
Collagen alpha-2(IV) chain 83,698 Plasminogen 506
Collagen alpha-1(II) chain 39,674 Protein S100-A11 411
Col4a5 protein 29,021 Alpha-2-antiplasmin 187
Collagen alpha-3(IV) chain 25,183 Annexin A7 179
Nephronectin 23,656 Alpha-1-antitrypsin 1–4 124
Collagen alpha-1(V) chain 21,780
Collagen alpha-4(IV) chain 19,028 Non-ECM proteins ppm
Basement membrane-specific heparan

sulfate proteoglycan core protein
17,609 Actin. cytoplasmic 1 14,477

Laminin subunit beta-2 12,364
Actin. aortic smooth muscle 13,094

Laminin subunit alpha-5 11,841
Beta-actin-like protein 2 13,094

Laminin subunit gamma-1 11,765
Tubulin beta-2A chain 4815

Fibrillin-1 11,287
Tubulin beta-5 chain 4815

Collagen alpha-2(V) chain 9880
Tubulin beta-4B chain 4739

Fibulin-5 8619
Tubulin alpha-1A chain 4711

Collagen alpha-1(VI) chain 6884
Tubulin alpha-4A chain 4041

Fibrillin-2 6543
Myosin regulatory light chain 12B 2781

Protein Col6a3 6305
MCG5400 2781

Periostin 5750
Four and a half LIM domains protein 1 1988

Laminin subunit alpha-3 5581
Myosin regulatory light polypeptide 9 1887

Laminin subunit beta-3 5091
Histone H4 1242

Nidogen-1 4946
Dipeptidase 1 1004

Collagen alpha-2(VI) chain 4889
Fibrinogen beta chain 4071
Fibrinogen alpha chain 3707
Protein Col4a6 3587
Fibrinogen gamma chain 3264
Laminin subunit gamma-2 2770
Microfibrillar-associated protein 2 2674
EMILIN-1 2319
Laminin subunit beta-1 2281
Fibronectin 1955
Collagen alpha-1(VII) chain 1768
Dermatopontin 1339

The most abundant proteins within categories of core ECM proteins, ECM-associated proteins, and non-ECM proteins in decellularized
mouse lung identified by mass spectrometric analysis.

ECM, extracellular matrix; ppm, parts per million.
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proteins (LTBPs).29 We identified latent TGF-b-binding
protein 1 (LTBP-1) and latent TGF-b-binding protein 4
(LTBP-4) in lung ECM scaffolds. It has been described that
LTBP-4 associates with fibrillin 1 and LTBP-1 associates
with fibronectin,30 which were also detected in lung ECM
samples.

Quantitatively, the majority of non-ECM proteins in
the scaffold are cytoskeletal proteins actin and tubulin
and also residual myosin proteins from lung smooth mus-
cle cells. We detected transforming growth factor beta-
1-induced transcript 1 protein (TGFB1I1), which is a part
of the focal adhesion protein complex.31 Among these
non-ECM proteins, we also detected integrins beta-1 and
beta-3. The presence of cytoskeletal proteins and integrins
suggests that after decellularization a fraction of cell adhe-
sion complexes remained in the ECM scaffold. A complete
list of all identified proteins is provided in Supplementary
Table S1.

Having assessed the biochemical composition, the effect
of decellularization on the distribution of abundant ECM
components was assessed by immunofluorescence. Collagen
IV and laminin are major components of the basal laminae
that constitutes a substantial fraction of the lung ECM. Both
collagen IV and laminin remained similarly expressed and
distributed, showing a continuous network pattern, in scaf-
folds when compared with the native tissue (Fig. 3A, B, F,
G). In addition, fibronectin and nephronectin, ECM glyco-
proteins that bind to integrins to enable ECM–cell interac-
tions, were also retained in the ECM scaffold with a
distribution similar to the native tissue (Fig. 3C, D, H, I).
Collagen I, the main ECM molecule that contributes to
tissue structure and stiffness, was equally present and dis-
tributed on nonmanipulated lung tissue and decellularized
scaffolds (Fig. 3E, J). These data indicate that the decel-
lularization procedure generates acellular lung scaffolds
with preserved composition and localization of main struc-
tural and adhesive ECM proteins.

Architecture and microstructure of acellular
lung ECM scaffolds

To observe the impact of decellularization on ECM mi-
croarchitecture, SEM was used to visualize native tissue and
decellularized ECM scaffolds. SEM images of native lung
tissue showed the alveolo-capillary network lined with ep-
ithelial and endothelial cells (Fig. 4A) as well as airway and
vessels (Fig. 4B) lined with airway epithelial (Fig. 4C) and
endothelial cells (Fig. 4D), respectively. In contrast, in the
respective decellularized regions, only denuded basal mem-
branes without cells were observed (Fig. 4E–H). Micro-
topography of vascular basal membrane in decellularized
sample is smooth (Fig. 4H) compared with the more irregular
basal membrane of the decellularized airway (Fig. 4G). TEM
images of decellularized alveolar region further confirmed
preserved alveolar walls, consisting of thin basal membranes
separating the alveolar space from the surrounding capillary
network (Fig. 4I). The wall of the airway was also well
conserved on the decellularized sample as demonstrated by
the presence of collagen IV, elastin, and fibrillin (Fig. 4J).
Both microscopic techniques demonstrated that decellular-
ization efficiently retained architectural and structural fea-
tures, namely the basal membrane of alveolar and bronchiolar
regions, without visible cellular debris.

Bioactivity of homogenized ECM

One important function of ECM is to facilitate and sup-
port cell attachment. To assess whether decellularized lung
ECM retained this capacity independently on structural
cues, a two-dimensional (2D) cell culture setup was im-
plemented, in which mechanically homogenized ECM was
used to coat cell culture dish surfaces to improve cell at-
tachment. Hence, primary mouse LFs were seeded directly
on pristine tissue culture polystyrene (TCPS) dishes or on
TCPS dishes coated with mechanically homogenized ECM
and harvested 30 min after seeding to quantify cell attachment.

FIG. 3. Main structural ECM proteins network is preserved after decellularization. Representative images of immuno-
fluorescence for collagen IV (A, F), laminin (B, G), fibronectin (C, H), nephronectin (D, I), and collagen I (E, J) before and
after lung decellularization. Color images available online at www.liebertpub.com/tec
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A trend of dose-dependent increase in the number of cells
attached to ECM-coated culture surfaces was observed when
compared with uncoated TCPS (Fig. 5A). ECM concentra-
tions of 100 and 1000 ng/mL significantly improved cell
attachment (1.27-fold – 0.024-fold and 1.37-fold – 0.054-
fold, respectively) in concentrations that are notably lower

than those typically used for coating cell culture dishes with
commercially available components of ECM such as col-
lagen (30 mg/mL) and fibronectin (10 mg/cm2).32

Cell response to lung ECM scaffolds

Having established the effect of ECM homogenate, un-
coupled from the structural cues, we aimed at investigating
the interaction of LFs with ECM scaffolds in 3D conditions.
Repopulation of large 3D scaffolds of decellularized ma-
trices often results in uneven cell distribution, cell cluster-
ing, and decreased cell viability, and it requires dynamic
culture in bioreactors to support oxygenation, nutrient avail-
ability, and waste dispersal.33 In addition, large samples are
difficult to observe by standard confocal microscopes. To
bypass these limitations, we have adopted a 3D-like format
of cell culture conditions in which ECM slices are adhered
to culture plastic for cell culture purposes. A similar ap-
proach has been previously used with ECM slices of 2 mm,
1 mm, 600 mm, and 100 mm15,18,34,35; however, the thickness
of these specimens limits confocal imaging due to tissue
scattering and low penetrance of light. Decellularized lung
ECM was cryosectioned at different thicknesses (ranging
from 20 to 60 mm). We observed that 25 mm-thick slices
adhered well to Ibidi culture plastic and exposed important
anatomic structures of the lung ECM, which could be well
visualized by using standard confocal microscopy and fur-
ther used for 3D image reconstruction.

To allow adequate repopulation of scaffolds, LFs were
cultured for 6 days on decellularized ECM before assess-
ment of cell distribution and morphology. Cells were highly
spread and established cell–cell contact, forming multicellular
homogenous networks in close contact with the ECM mesh-
work (Fig. 6A, left). Moreover, cells were able to proliferate

FIG. 5. ECM-coated surface promotes attachment of LFs.
Cells were seeded on cell culture plastic dishes coated with
an increasing concentration of mechanically homogenized
lung ECM ranging from 0 to 1000 ng/mL. Thirty minutes
after seeding, the unattached cells were washed away and
the attached cells were quantified by using Crystal violet
assay. Data are expressed as mean – standard error of the
mean. Mean values were compared between pairs of groups
by the two-sample t-test. LFs, lung fibroblasts.

FIG. 4. Morphology of different lung anatomical regions is preserved after decellularization. Representative images of
scanning electron microscopy showing the structure of the lung alveolar compartment of native lung tissue (A). Bronchiole
(white arrow) and adjacent blood vessel (white asterisk) of native lung sample (B), details of bronchiolar epithelium (C),
and blood vessel endothelium of native tissue (D). Alveolar compartment of decellularized lung (E). Decellularized
bronchiole (white arrow) and blood vessel (white asterisk) (F), details of denuded bronchiolar basal membrane (G), and
vascular basal membrane (white arrowhead) (H). Representative images of transmission electron microscopy of decel-
lularized lung (I, J). The thin basal laminae of alveolar walls (I, black arrow) separating different alveoli (Al) contrast with
the thick airway wall (J) with collagen fibers (black full arrow), white area of elastin around darker fibers of fibrillin (black
asterisk), and basal lamina (black arrowhead) oriented toward the lumen (L).
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in the ECM as visualized by using EdU Click-IT prolifer-
ation assay (Fig. 6A, right), suggesting active repopula-
tion of the scaffolds. The morphology of cells growing on
scaffold was elongated, accompanied the microstructure of
ECM meshwork, and interacted with the ECM via filopodia
(Fig. 6B).

Cell–ECM interactions are regulated at the biochemical,
structural, and mechanical level. Transcriptional effectors of
Hippo pathway, YAP and TAZ, which are highly regulated
by matrix stiffness, coordinate fibroblast activation and ma-
trix synthesis.7 We show that YAP protein was expressed by
LFs in vitro and that its intracellular localization was af-
fected by the extracellular environment. Decellularized lung

scaffolds promoted nuclear YAP localization, whereas cells
on TCPS showed both nuclear and cytoplasmic localization
of YAP (Fig. 6C).

Cells not only sense the ECM but also modulate the ECM
in a feedback manner. Indeed, breakdown and remodeling of
ECM is facilitated by matrix metalloproteinases MMP-2 and
MMP-9 under a variety of physiological and pathological
conditions.8 In our 3D-like settings, MMP-2 was expressed
throughout the cytoplasm of LFs inside the ECM scaffold,
whereas MMP-9 was mostly localized at the margins of
the cell cytoplasm, in regions of close cell–ECM contact
(Fig. 6D). These findings collectively show that the gener-
ated bioscaffolds preserve native ECM biochemical and

FIG. 6. Colonization of ECM
scaffolds with LFs. Twenty-five-
micrometer-thick slices of acellular
ECM scaffolds were seeded with
LFs and analyzed by confocal and
electron microscopy at day 6 of
culture (A–D). LFs colonize the
ECM structure (left) and proliferate
(right) as visualized by confocal
fluorescence microscopy (A). SEM
analysis showed integration of LFs
(green artificial color) into the
three-dimensional structure of
ECM scaffold (left) and interaction
of cells with surface of the scaffold
by filopodia (white arrow, right)
(B). Representative confocal im-
ages show differences in subcellu-
lar localization of YAP protein in
LFs cultured on ECM versus LFs
cultured on TCPS (C). LFs express
MMP-2 (top) and MMP-9 (bottom)
when cultured on ECM scaffolds.
MMP-2 is localized throughout the
cell cytoplasm, whereas MMP-9 is
predominantly localized in the re-
gions of cell–ECM interaction (D).
MMP, matrix metalloproteinase;
TCPS, tissue culture polystyrene;
YAP, yes-associated protein.
Color images available online at
www.liebertpub.com/tec
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structural properties and represent a practical and ade-
quate in vitro setup to study cell–ECM interactions in a
native-like context.

Discussion

Structural and biochemical alterations of lung ECM are
commonly reported in several diseases, including IPF,36

asthma,37,38 and chronic obstructive pulmonary disease.39 In
line with this, lung ECM has been recently suggested to
have an impact in disease initiation and progression, mak-
ing ECM a prospective target for therapy.40 Decellularized
scaffolds may retain tissue architecture, composition, and
spatial distribution of ECM proteins, thus constituting
native-like environments for cells when cultured ex vivo.
Through the use of decellularized ECM, recent studies re-
ported that differences in structure and composition of lung
ECM throughout aging41 and in pathological scenarios5

differentially have an impact on cells as a feedback loop. These
new data, together with the technical advancement in de-
cellularization, pave the way for the use of ECM scaffolds
as in vitro models to dissect pathologic processes and identify
therapeutic targets for the treatment of pulmonary diseases.

Decellularization protocols must be adjusted to the den-
sity and organization of the targeted tissue, and detergent
concentrations should be minimized to reduce alterations to
the composition and architecture of the ECM.42 Here, we
present a method for lung tissue decellularization by using a
low concentration of SDS (0.2%), which does not require
any other specialized methods or equipment and preserves
the composition and 3D structure of alveoli and the airway/
blood vessel network. It has been previously shown that
SDS-based decellularization protocol has a negative effect
on the integrity of basal membranes of the porcine urinary
bladder.10 Decellularization of lung tissue by 0.5% SDS had
compromising effects on small vessels and alveolar septa.16

However, we provide evidence that in case of lung tissue
decellularization with our low-SDS protocol both lung tis-
sue architecture and basal membrane integrity are left intact.
Moreover, the use of a nonperfusion system for decellular-
ization permits the application of this technique in nonintact
tissues, as clinically relevant tissue biopsies that can be
further used for drug screening studies and/or dissection of
disease mechanisms. We observed preservation not only
of important ECM molecules, such as collagen I, heparan
sulfate proteoglycan-binding protein, and nephronectin, but
also of ECM-associated factors, such as growth factors and
MMPs. Residual DNA in the ECM scaffolds may compro-
mise biocompatibility because it elicits an inflammatory
reaction after animals’ transplantation.43 ECM scaffolds
prepared by our protocol were devoid of >99% of DNA
compared with native lung tissue.

Mass spectrometry provides sensitive compositional
characterization of the ECM. We identified a wide spectrum
of ECM proteins and also several residual cellular proteins,
which constitute a minor proportion of the sample. Of note,
proteins with complex fibrillar organization and cross-
linking, such as collagen I and elastin, are highly insoluble
and even after trypsin digestion their peptides are under-
represented in the LC-MS analysis.44,45 Out of the ECM
proteins identified, the proteins affecting cellular responses
during subsequent recellularization of scaffolds are of par-

ticular interest. Fundamental processes in cells are regulated
by discoidin domain receptors, cell surface tyrosine kinases,
which are activated by binding to collagens I-IV.46 Collagen
IV and laminins, which are among the most abundant
components of lung ECM bioscaffolds, promote cell adhe-
sion by binding to integrins.47 Moreover, collagens and la-
minins are a source of bioactive fragments, matrikines, that
are released due to the activity of proteinases during ECM
remodeling.48,49 We identified nephronectin as the most
abundant glycoprotein in the lung ECM scaffold. Of note,
nephronectin has been observed in the lung during devel-
opment26 and is particularly enriched in IPF [32]. This
abundant and widespread expression of this ECM glyco-
protein in the lung suggests a bioactive role that requires
further investigation. The use of mass spectrometry to char-
acterize ECM scaffolds provides a high-throughput analysis
of ECM composition by the identification of the full pro-
teomic repertoire preserved after decellularization. Using
this approach, we are able to obtain a better resolution of
ECM composition and, consequently, to identify new and
less abundant lung ECM components, such as the MEGF6.

ECM proteins, such as collagen and fibronectin, are
commonly used alone or in combination to facilitate cell
adhesion and growth of primary lung cells in vitro.32,50

Decellularized ECM tissue coatings from brain,51 cardiac,
and skeletal muscle52 were described in literature. In these
studies, pepsin was used for ECM enzymatic dissociation.
However, this broad-spectrum enzyme is not naturally
present in the lung, and the trypsin-generated ECM peptides
do not represent the in vivo ECM degradation products
formed in the context of the lung. As an alternative, here we
propose the use of mechanical ECM homogenization. When
this ECM preparation was applied as a protein coating on
TCPS, in standard 2D culture conditions, lung ECM sup-
ported attachment of LFs. These findings advocate the po-
tential use of homogenized lung ECM for surface modification,
to promote attachment, and to increase cytocompatibility
of synthetic scaffolds. To assess the biochemical and
structural impact of the generated ECM on primary LFs,
we established a 3D-like culture that allows live cell im-
aging and confocal analysis. LFs attached to the ECM,
formed cell protrusions in close contact to the ECM, pro-
liferated, and repopulated the decellularized lung scaf-
fold. Electron microscopic images show that cells attached
to delicate topological structures on the surface of ECM
scaffolds.

Diverse mechanical and biochemical signals, such as
ECM stiffness, are mediated by the transcriptional coactiva-
tors YAP/TAZ signaling, which strongly impact cell fate.53

YAP was distributed through the cytoplasm and nuclei in
the 2D setting; whereas in the lung, ECM YAP was trans-
located to the nuclei, indicating activation of YAP-mediated
signaling. However, cells are not regulated by the ECM in a
passive manner; in fact, the reciprocal interaction between
cells and the surrounding ECM is of utmost importance.
Cells sense the microenvironment and remodel the ECM by
secreting ECM structural proteins, such as collagens, while
also degrading the matrix by MMPs.6 We show that LFs
produce an activated form of MMP-2 and MMP-9 when
cultured in vitro on lung ECM scaffolds. Activated MMP-2
is reported to directly degrade collagen I,54 whereas a va-
riety of ECM proteins including fibronectin, laminin, and
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collagen are proteolytically processed by MMP-955 as part
of the ECM remodeling process.

The herein developed 3D-like slice culture system mimics
the composition and organization of the in vivo extracellular
microenvironment. This system can be readily prepared and
requires only standard histological equipment. Isolated
ECM explants do not require snap freezing or washing in
concentrated ethanol before use as culture substrates,15,34

the processes that may negatively affect the structure and
biochemical properties of the ECM. Due to their relatively
small thickness (25mm), the slices do not require further
sectioning for immunostaining and microscopic analysis,
unlike in thicker slices,34,35 and can be immunostained and
visualized under a confocal microscope directly in an Ibidi
culture dish. The use of thick slices ensures that all ana-
tomical structures of lung ECM are available for cell–matrix
interaction and that cells become exposed to ECM compo-
nents organized at nano and microscale. However, 25mm
slices are too thin to provide a real 3D environment for the
cells as they do not become completely embedded in the
ECM, in contrast to native tissue in which LFs reside in
nonpolarized environments. Hence, this 3D-like lung de-
cellularized culture system constitutes a simple and practical
tool to dissect the interaction of lung cells with the extra-
cellular microenvironment in close-to-native conditions.
This system can be easily applied to other organ systems and
disease states. Indeed, we have recently reported a similar
protocol for heart19 and intestine56 decellularization in mouse
and human samples, in normalcy19 and disease.56 This article
constitutes a proof-of-principle study highlighting the rele-
vance of 3D-like culture on decellularized lung ECM for the
understanding of the reciprocal interaction between lung
ECM and LFs in healthy vs disease states. In addition, these
approaches can be also used as drug screening platforms.

Conclusions

In this study, we developed a 3D-like in vitro culture
platform to study cell–ECM biological interactions in a
native-like environment. Our decellularization protocol, which
does not require complex perfusion equipment, generates
biocompatible and bioactive acellular lung scaffolds with
preserved ECM architecture and composition. Proteomic
analysis of decellularized lung scaffolds identified a pleth-
ora of ECM and ECM-associated molecules conserved in
ECM scaffolds. A practical system using thin slices of de-
cellularized ECM was established for seeding of LFs that
was shown, in a proof-of-principle experiment, to be suit-
able for imagining cell–ECM interactions at the morpho-
logical and molecular level. The herein described 3D-like
model will be particularly valuable for dissecting pathological
and physiological mechanisms of lung cell–ECM crosstalk.
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