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Abstract

Once damaged, cardiac tissue does not readily repair and is therefore a primary target of

regenerative therapies. One regenerative approach is the development of scaffolds that

functionally mimic the cardiac extracellular matrix (ECM) to deliver stem cells or cardiac

precursor populations to the heart. Technological advances in micro/nanotechnology, stem cell

biology, biomaterials and tissue decellularization have propelled this promising approach forward.

Surprisingly, technological advances in optical imaging methods have not been fully utilized in

the field of cardiac regeneration. Here, we describe and provide examples to demonstrate how

advanced imaging techniques could revolutionize how ECM-mimicking cardiac tissues are

informed and evaluated.
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ECM-informed cardiac tissue regeneration

Heart disease is the leading cause of death in the United States, with over 830 000 cases in

2011 [1]. The limited ability of the heart to regenerate has prompted efforts to drive stem

cell differentiation to cardiomyocytes (or their precursors) and to deliver cells to the cardiac

microenvironment for therapeutic applications. Efforts to augment differentiation and

delivery have been explored independently, each having unique challenges. The ECM is a

crucial component that could effectively address key challenges in both fields [2–4]. The

current limitations to effectively employ the ECM are (i) limited knowledge of the spatial
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structure, component makeup and temporal dynamics of the ECM best suited for stem cell

delivery, (ii) the inability to accurately assess the spatial structure and temporal dynamics of

ECM-based, engineered tissues, and (iii) the difficulty in tracking cell behavior and cell–

ECM interactions within these engineered tissues. The primary goal of this review is to

describe how advanced imaging techniques can be employed to address these limitations

(Box 1) and, in so doing, we will also summarize current knowledge of cardiac ECM

composition during development and the state-of-the-art in ECM-based engineered cardiac

tissues.

A blueprint for regeneration

ECM of the developing heart

The heart is a complex organ consisting of multiple chambers, one-way valves and a

synchronized conduction system designed to generate sufficient force to move blood

throughout the body. The embryonic development of the vertebrate heart is equally

complex, transitioning from a tube containing beating cells through a phase of looping to the

formation of distinct chambers and valves. This process utilizes cell proliferation, migration,

rearrangement and differentiation. Given the wide array of structural and functional changes,

it is not surprising that the research literature on cardiac ECM composition shows that the

ECM is also changing, either as a response to, or as a precursor of, changes in the

developing heart (Table 1). The extracellular matrix provides adhesion substrates, imparts

structural support, stores and sequesters soluble factors, and transduces mechanical signals.

Indeed, isolated cardiac cells require ECM to maintain or acquire function [5], and changes

in cardiac ECM composition and function during development are crucial for directing

tissue specification [6,7]. For this reason, defining the dynamics of ECM of this developing

tissue could provide a critical design template, a blueprint, for constructing synthetic

scaffolds for tissue repair. Although this blueprint concept is attractive, the current gap

between what is known of ECM dynamics during cardiac development and the generation of

constructs based on that knowledge is vast.

ECM composition during development

Much of what is known of ECM composition with cardiac development corresponds to the

most prevalent proteins. Collagen type I (ColI) and collagen type III (ColIII) are fibrillar

proteins stabilized by hydrogen bonds, providing a framework and mechanical support of

tissues. Collagen type IV (ColIV) and laminin are found in the basement membrane,

forming networks that mediate cell adhesion, migration and differentiation. Fibronectin is a

multi-domain dimer that interacts with multiple integrins, collagens, glycosaminoglycans

and glycoproteins to mediate cell behavior. Elastin, the major component of elastic matrices,

is critical for regulating elasticity. These ECM components are so important that rodents

lacking genes encoding these proteins do not survive the early postnatal period (reviewed in

[8]). Unfortunately, what is known of the spatiotemporal distribution of these primary ECM

proteins is incomplete during the main period of prenatal heart growth (mouse embryonic

day 11–day 18). The limited knowledge we have of the ECM in the heart during this period

(Table 1) is primarily based on antibody labeling in essentially 2D histological sections of

mouse or chick embryos. In the subsequent text, E indicates mouse embryonic day and the
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approximate conversion of chick developmental stages (Hamburger-Hamilton stages) to

mouse embryonic days has been applied [9].

At stages prior to E11, the cardiac ECM consists mostly of ColI [10], ColIV [10] and ColIII

[11]. Beginning at E11, the atrial and interventricular septa form [12] and epicardial cells

migrate to cover the heart [13]. During this time, ColIV and laminin become localized in the

‘cardiac jelly’ layer of ECM between the endocardial and myocardial layers of the primitive

heart [14]. ColIV and laminin may contribute to cell migration, particularly of mesenchymal

cells in the endocardial cushions. Elastin and ColVI appear during this stage [15], whereas

fibronectin is localized in the endocardial and myocardial tubes [14].

The atrial septum begins to form shortly after E12 and the outflow tract (OFT) is dividing

into the pulmonary and systemic branches [12]. By E12.5, the four chambers of the heart are

delineated as is septation of the OFT [16], with elastin reaching maximum expression during

this time, mainly in the OFT [15]. The distribution pattern of the elastic matrices is

progressively modified in association with the formation of the definitive four-chambered

heart and the elastic matrices are localized in the epicardium and subendocardial space of

the atria [15]. The fetal circulatory system is fully functional by E14.5 [12]. With continued

development and maturation of the heart, ColI ultimately distributes circumferentially

around the heart [17], increasing even more rapidly than the total heart weight [18], to

provide the support needed to function under the pressures of gravity and activity following

birth. Beyond E15.5, cardiomyocyte proliferation subsides and by postnatal day 5 most

proliferation has ceased [19]. Elastin, except for association with blood vessels, is absent in

later stages [15]; fibronectin, which is found alongside the endo- and epicardium (E14), is

considerably decreased after birth [20]; whereas the presence of laminin along the basement

membrane of myocardial cells is maintained even after birth [20].

Imaging technologies to address gaps in understanding of ECM dynamics with cardiac
development

As summarized above, data exist identifying the ECM components (Table 1) present at

some time points during cardiac development in chick and mouse embryos, but a clear

profile of ECM composition, organization and functional contribution during heart

formation is lacking. Different stages of heart development exhibit regional and

compositional differences in ECM proteins, suggesting that cardiac precursors are likely to

require a different ECM blueprint than fully differentiated cardiomyocytes, an important

consideration for regenerative therapies. Thus the developmental range of time points that

provides the ECM with the cues that are most essential for cardiomyocyte precursor

differentiation, propagation and function must be defined. Subsequently, a comprehensive

analysis of ECM content, organization and ECM–cell associations, in both two and three

dimensions, will be needed. To date, most cardiac development ECM studies have consisted

of 2D tissue sections, frequently with single antibody labeling; therefore, analysis of intact

3D tissues, with multiple labels, will be an important next step. Histology is still the gold

standard for assessing cell and tissue morphology. Unfortunately, although this approach is

powerful, the tissue is fixed, embedded, physically sliced and stained so that accurate 3D

morphology cannot be acquired. Alternatively, one of the most widely utilized tools for
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high-resolution imaging of 3D biological structure is confocal laser scanning microscopy

(CLSM). CLSM has improved optical sectioning, temporal and spatial resolution and signal

to noise ratio (SNR) over traditional wide-field fluorescence approaches [21]. CLSM-

generated optical sections can be 3D rendered to visualize compositional and structural

relationships. Adaptations include reflectance confocal [22], which is useful for examining

the ECM in thin samples.

There is great need for non-invasive high resolution imaging methods for in vitro and in vivo

tissue that can preserve ECM integrity and limit histochemical artifacts. Nonlinear optical

laser scanning methods utilize high power, wide-tunable pulsed excitation sources that yield

nonlinear optical interactions. Multiphoton laser scanning microscopy (MPLSM) is a

nonlinear optical sectioning technique allowing thick biological sections to be noninvasively

imaged via simultaneous absorption of two or more near-infrared (NIR) photons resulting in

improvements in depth, viability and SNR compared to traditional optical approaches,

including CLSM [23]. The wavelength tunability of MPLSM allows for endogenous

fluorophore excitation such as the intrinsic metabolic cofactors nicotinamide adenine

dinucleotide (NADH) and flavoproteins [23]. Changes in these metabolites have been

associated with changes in stem cell state including differentiation [24]. Thus, the

autofluorescent metabolites offer a noninvasive means of tracking cell state with changes in

ECM. Second harmonic generation (SHG) [25] is a nonlinear effect arising from the laser

field passing through non-centrosymmetric ordered structures (such as collagen). SHG is

sensitive to concentration, organization and orientation of the sample and can be used

simultaneously with MPLSM, yet still be differentiated due to distinct emission signals.

The exciting consequence of these endogenous optical approaches is that they can be applied

to fresh ex vivo tissue, such as mouse embryonic hearts, to noninvasively provide 3D

information about the relationships between cells and the ECM. In one study, the SHG

signals originating from the collagen matrix, along with fluorescence signals from the

fibroblast nuclei and actin, showed the spatial reorganization of the collagen fibers in the 3D

microenvironment [26]. Similarly, SHG and MPLSM have been utilized to compare spatial

distribution of anisotropic collagen and isotropic elastin fibers [27] (Figure 1a–c). This live

imaging methodology avoids artifacts accompanying chemical fixation, staining or physical

treatments, which could produce potential inaccuracies in the spatiotemporal distribution of

ECM proteins to define a construction blueprint. These nonlinear methods offer deeper

penetration, higher sensitivity and reduced phototoxicity over other currently available

methods that offer high spatial and temporal resolution. However, these techniques still are

limited in depth due to scattering and refractive index changes in tissues and in resolution by

the diffraction limit. Thus, other emerging methods may still be needed where greater spatial

performance is critical, such as for nanometer scale resolution and millimeter depth imaging.

Engineering cardiac tissues: building from the blueprint

The development of 3D ECM-mimicking biomaterials

For more than a decade, the elements of the ECM have been appreciated as essential cues in

developing and maintaining appropriate 3D microenvironments for cardiac cell types and

their precursors. Several approaches have been implemented to create such environments in
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vitro with a spectrum of potential benefits that include the ability to better understand the

behavior of cardiac cell types, the improvement of means to guide the behavior of cardiac

cell types, and the generation of tissues for repair of acute (i.e. myocardial infarction) or

chronic (i.e. scarring and remodeling associated with age or disease) damage. These

approaches include the use of native-ECM gels [28], decellularized ECM [3], endogenous

ECM-based cell sheets [29], composites containing synthetic polymers with either native

ECM proteins [30] or ECM-inspired chemical functionalities [31]. All approaches have

merit, but perhaps the most control and flexibility is afforded by the last two, and so

providing the greatest probability of ‘building the blueprint’. Plentiful examples exist to

support the feasibility of incorporating defined, ECM-inspired, chemical functionality into

non-functionalized materials. Such examples include conjugating cell-adhesion ligands to

enhance cell attachment and proliferation [32], tethering extracellular ligands for

maintaining pluripotent stem cells in an undifferentiated state [33], or delivering soluble

factors often bound or sequestered by native or engineered ECM [34]. Given the complexity

of the ECM and the dynamic features it displays a single ‘functionality’ may not suffice.

Thus, more recent efforts to develop ECM-based 3D scaffolds employ material platforms

capable of presenting multiple factors. In one example, matrix metalloproteinase (MMP)-

sensitive motifs were presented in a poly(ethylene glycol) hydrogel to facilitate scaffold

remodeling, while arginine-glycineaspartic acid-serine-proline (RGDSP) peptides of the

same hydrogel promoted binding of integrins relevant in early cardiac development (α5β1 or

αvβ1) to direct differentiation of pluripotent cardioprogenitors [35]. Similarly, a

thermoresponsive poly(N-isopropylacrylamide-co-acrylic acid) hydrogel was used to

modulate mechanical properties of a scaffold that also included MMP-sensitive motifs to

facilitate cardiac stem cell transplantation [36].

Challenges in constructing 3D ECM-mimicking biomaterials

As technologies improve to incorporate multiple ECM-based signals in a single material, the

challenge of evaluating all possible combinations of physical (stiffness, dimensionality,

porosity, swelling), chemical (soluble factors, nutrients, oxygen), and biological (cell–matrix

and cell–cell interactions) factors emerges. To address this challenge, 3D microarray

platform approaches are under intense development, aiming to attain tight control of

instructive signals, rapid modulation and miniaturization in a high-throughput manner [37].

For example, arrays of intact ECM proteins (i.e. ColI, ColIV, laminin and fibronectin) of

various compositions were employed to identify the compositions that facilitated

differentiation of specific cell types from embryonic stem cells [38]. As another example, a

PEG-based hydrogel presenting arginine-glycine-aspartic acid (RGD) ligands for cell

attachment and dithiothreitol (DTT) bridges for hydrolytic degradation was used as a well-

defined and adaptable 3D array platform for high-throughput analysis of multiple cell–

matrix interactions including cell adhesion, migration and differentiated function [39]. One

important consideration when assessing the impact of multiple ECM-based material

modifications on cell behavior is that the impact of multiple material modifications on

material properties may not necessarily reflect the additive effects of each modification [40].

Copolymerizing two different types of macromonomers does not always yield the desired

material: the final products can exhibit significant drift in composition due to different

reactivity to one another from each macromonomer [41]. A modular molecular design that
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controls each factor independently without affecting one another is one strategy towards

achieving multifunctionality [42].

ECM-based materials, whether in 3D microarray format or 3D tissue-scale format, must be

analyzed in terms of material properties (i.e. pore size and distribution, fiber size and

distribution, homogeneity of added functionality and activity of added functionality) and cell

response to material feature(s) (i.e. viability, adhesion to material, differentiation and

function). Despite great advances in high-throughput methods and synthetic chemistry to

direct and/or understand cell–ECM interactions, visualization of these complex systems

remains a challenge. Optical approaches as described above can be used to examine cell–

ECM interactions but have limitations particularly with respect to nanometer scale spatial

resolution. Fortunately, optical methods are amenable to multimodal imaging approaches

where complementary imaging methods are combined or correlated, resulting in a combined

set of attributes not collectable by a single modality.

Correlative fluorescence, cryo-electron tomography (cryo-ET) and tissue

section atomic force microscopy (AFM)

Transmission electron microscopy (TEM) uses electrons instead of light to provide

nanometer or greater scale resolution of fixed thin sections. The biological utility of TEM

for visualizing 3D spatiotemporal arrangements and dynamics of constituent molecular

machinery has been advanced through the use of cryo-TEM and cryo-ET [43]. However,

specimen preparation artifacts, poor SNR and computationally-intensive image analysis still

present significant technical challenges.

Another major limitation of high-resolution EM is that as the information from a small

volume increases with higher magnification, the number of samples examined is reduced. In

the case of cryo-ET, the cellular area covered in a single tomogram is approximately 2 μm2,

about 1.5% of the peripheral area of a typical eukaryotic cell [43]. Correlative microscopy

attempts to bridge the various temporal and resolution gaps of TEM to integrate structural

information gathered from multiple levels of biological hierarchy into one common

framework [44]. Because fluorescence microscopy (FM) is an ideal technique to localize

ultrastructure and to observe cellular dynamics, a method integrating FM with 3D cryo-ET

was recently used to image microtubule end structures using small fluorescent microspheres

as fiducial markers that are visible by both FM and cryo-ET [45] (Figure 1d–g).

Multimodality imaging approaches can also be applied to AFM, a high-resolution non-

destructive imaging modality that records interactions between a sharp tip (probe) and a

sample surface on the nanometer scale. The combination of AFM and cryo-sectioning,

which prevents protein denaturation and significant morphological changes, could serve as

an alternative to cryo-ET. AFM can also be used to monitor force interaction such as

modulus measurements of native ECM or ECM-based synthetic materials [46]. Recently,

tissue section AFM has been used to visualize ferret left ventricle epicardium and, in

correlation with FM, to examine the elastic lamellae in sheep aorta to confirm the chemical

composition of these lamellae [47] (Figure 1h–k). Theoretically, tissue section AFM

techniques could be applied to samples vulnerable to in vitro degradation or dehydration,
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permitting the quantitation of dynamics changes in tissue structures. Furthermore, new

classes of AFM instruments (Bio-AFM), integrate fluorescence with AFM, enabling studies

that track fluorescently-labeled cells in response to measured changes in ECM mechanical

properties [48].

Despite the great promise of cryo-based TEM for better ultrastructure preservation, this

technique is still very invasive and time consuming. Cryo-scanning electron microscopy

(cryo-SEM) techniques that can monitor a sample's surface topography and composition in

high resolution (Figure 1l,m) are of great interest to cardiac-ECM studies, but as with TEM,

there is concern regarding preservation of structure. A new type of SEM has recently

emerged, environmental SEM (ESEM), which can collect images of hydrated samples in a

non-vacuum environment. Unlike traditional TEM or SEM, ESEM can capture images of an

intact ECM without dehydration or coating. ESEM has been used for biomaterials analysis

[49] and shows great promise in its ability to look at intact ECM with high resolution [50].

Emerging imaging innovation

The past 25 years have seen great advances in live cell imaging approaches where it is now

possible to image at cell resolution specific players of interest, such as tagged ECM proteins

and associated cells, in both time and space. In addition, these images can be collected in

biologically relevant environments where temporal and spatial windows are preserved by

rapid acquisition of intact 3D samples. Technological advances in genetic labeling, optics,

electronics and computation allow the capture of important biological phenomena with

fewer compromises. Thus, the imaging can be more than just a qualitative view of biological

events but also a quantitative assessment of the progress and maturation of a protein or cell

and its interaction with the microenvironment. Rapidly evolving technologies, such as

spectral, fluorescence lifetime [51] and polarization [52] imaging can help characterize the

microenvironment and the cellular interactions within. In addition, techniques are being

developed to not only image the cell and tissue environments but provide optical tools that

can directly probe and manipulate. Photomanipulation tools such as uncaging [53],

photoactivation and fluorescence recovery after photobleaching (FRAP) [54] have been used

to query phenomena from calcium channel activation [53] to protein signaling [54] and

might be further adapted to assess sequestration, release and cellular uptake of soluble

factors from the ECM of native tissues and ECM-based biomaterials.

The future also brings the promise of generating realistic 3D high-resolution views both in

vitro and in vivo. New photochemistry [55] allows the creation of realistic 3D scenarios that

mimic specific microenvironments, such as the ECM, or provide specific control, such as

gradients for drug studies. There is significant potential for multimodality experiments, in

addition to that described for correlative EM. Deeper imaging techniques such as optical

coherence tomography [56], photoacoustic microscopy [57] (Figure 1n) and ultrasound

imaging [58] can greatly improve our knowledge of intact tissue composition. Super

resolution light microscopy (LM) [59] aims to overcome the Abbe diffraction limit and

greatly improve spatial resolution while maintaining temporal resolution. For in vivo

imaging, the goal is to develop optical strategies compatible with deeper imaging and

imaging of intact specimens, including whole animals [60]. Long wavelength imaging [61]
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and adaptive optics [62] hold promise to overcome depth penetration limitations due to

scattering and refractive index induced aberrations inherent in all tissues. Neuroscience and

other fields are driving the development of optical endoscopes, where the microscope is

replaced by an optical fiber that can remotely probe a biological site [63]. These

technologies will become increasingly important for cardiac regeneration as ECM-based

materials move from in vitro to in vivo environments.

Finally, bioimage informatics is critical for all imaging, both current and emerging [64].

Computational approaches are needed to quickly acquire these large heterogeneous datasets,

convert them to standard analyzable data models [65], effectively mine the data [66],

accurately identify and track objects [67] and provide image visualization [68]. As the

cardiac ECM community utilizes more of these advanced imaging approaches, it will be

imperative that a computational framework be developed that will not only enable the

collection and analysis of these important cell-ECM datasets but also facilitate new

discovery such as new computational models and algorithmic approaches to assess ECM

organization and cell identification or data-mining with correlative genomic information.

Multimodal imaging in conjunction with advanced computation could substantially advance

the construction and evaluation of synthetic scaffolds for cardiac tissue repair.
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Box 1. Building a blueprint for cardiac tissue regeneration

Multimodality and high-resolution imaging (Figure I): traditionally, single-photon and

confocal FM have been utilized to investigate 3D tissue structures. However, the

scattering and interference of incident beams primarily limit the application of optical

imaging in visualizing extracellular microenvironments. Multiphoton or SHG

significantly expands the ability of optical sectioning without employing exogenous

markers. AFM combined with LM modality enables the exploration of nanometer-scale

extracellular microenvironments. Correlative imaging utilizes a reference point (fiducial

marker) to identify the region of interest under two different modalities (i.e. FM and

EM). These imaging modalities in conjunction with time-resolved information specify

4D microenvironments.

Advanced imaging analysis could significantly expand the understanding of native ECM

structures and dynamics by probing the spatiotemporal profiles and (relative)

composition of ECM in cardiac tissue of interest. The information collected through

advanced imaging will generate a blueprint for regenerating tissues.

The blueprint guides the design of ECM-informed tissues from natural or synthetic

materials, which requires high-throughput screening to identify multiple factors directing

cell proliferation, differentiation, and migration and a library of functionalities that

provide instructive signals to cells. The directed cell–matrix interactions could regenerate

functional cardiac tissues to repair acute or chronic damage, which is also subject to

advanced imaging analysis to verify the properties of and performance of the regenerated

cardiac tissues.

Figure I. Advanced imaging to define a blueprint for cardiac tissue regeneration.
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Figure 1.
Multimodality and high-resolution imaging techniques. (a) Second harmonic generation

(SHG) image of collagen and (b) two-photon fluorescence image of elastin in an

atherosclerotic artery. (c) Merged image of (a) collagen (green) and (b) elastin (red).

Reproduced, with permission, from [27]. (d) The region of interest is highlighted by the

circles and a cross in the inset marks a centroid position. (e) Fiducials selected for

correlation with yellow circles and numbers. (f) Same fiducials as in (e) present from a

tomogram of the cells of interest. (g) Slice of high magnification tomogram. The cross

marks the centroid coordinates of the fluorescent patch transformed into tomogram

coordinates. The inner circle corresponds to a probability radius of 50% (33 nm), outer

circle to 80% (89 nm). Reproduced, with permission, from [45]. Imaging a sheep aorta

region by (h) an atomic force microscopy (AFM) optical system and (i) fluorescence

microscopy (FM). The location of the AFM tip is indicated by a dotted line. The start (S)
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and end (E) points of a series of 5 μm AFM scans are indicated by arrows. In (j) and (k),
collagen fibrils (CF) are evident from amplitude scans collected. Reproduced, with

permission, from [47]. (l) Cryo-scanning electron microscopy (cryo-SEM) of bone marrow-

derived human mesenchymal stem cells (hMSCs) in 3D poly(ethylene glycol)-diacrylate

hydrogel/collagen type I composite (unpublished work). (m) Note connections established

by cells and ECM in a 3D environment. (n) Laser-scanning optical-resolution photoacoustic

microscopy of vasculature within a Swiss Webster mouse ear, two pairs of parallel veins (1)

and arteries (2). Reproduced, with permission, from [69].
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