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ABSTRACT OF THE DISSERTATION 
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Doctor of Philosophy in Biomedical Engineering 
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Professor Steven C. George, Chair 

 
 
 

Extracellular matrix (ECM) derived from whole organ decellularization offers a promising 

biological scaffold for tissue engineering applications. The native 3D structure and 

biochemical composition of these matrices can potentially support tissue-specific 

recellularization strategies. However, decellularization protocols use reagents that can 

disrupt the ECM resulting in a range of mechanical properties and protein composition. By 

identifying structural and biochemical features of the ECM that impact cell behavior, we 

can tailor decellularization protocols to retain those features. Recellularization of 

decellularized matrices is an intriguing strategy to engineer lung and cardiac tissue that 

will likely include the fibroblast. However, excessive collagen deposition by fibroblasts 

could interfere with normal structure and function of the surrounding tissue.  Furthermore, 

integrin expression can influence the expression of intracellular structural proteins such as 

alpha smooth muscle actin (α-SMA), and extracellular structural proteins such as collagen. 

However, previous work has not determined the effect of decellularized ECM on fibroblast 

function and integrin signaling. 
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In this work, we used multiphoton microscopy (MPM), combined with image correlation 

spectroscopy (ICS), to characterize structural and mechanical properties of the 

decellularized cardiac matrix in a non-invasive and non-destructive fashion. ICS amplitude 

of second harmonic generation (SHG) collagen images (collagen content) and ICS ratio of 

two-photon fluorescence (TPF) elastin images (elastin alignment) strongly correlated with 

compressive modulus. We then seeded cardiac and lung fibroblasts on cardiac ECM, lung 

ECM and their components to determine the effect of substrate composition, tissue 

specificity and integrin expression on fibroblast phenotype. α-SMA expression increased 

for stiffer substrates, and lung fibroblasts expressed significantly higher levels of α-SMA 

than cardiac fibroblasts. Higher expression of β3 integrins in cardiac fibroblasts, combined 

with increased α-SMA expression resulting from functional blocking of β3 integrins, 

demonstrates that β3 plays an important role in regulating cardiac fibroblast phenotype. 

Our findings indicate that ECM stiffness strongly correlates with collagen and elastin 

alignment in the ECM following decellularization, which can potentially impact fibroblast 

collagen and α-SMA expression during recellularization. Furthermore, differential 

expression of β3 integrins in organ-specific fibroblasts impacts α-SMA expression 

suggesting that both stromal cell source and ECM structure can impact the remodeling 

response during recellularization. 
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INTRODUCTION 
 

End-stage organ failure results in morbidity and mortality for tens of thousands of patients 

each year (1, 2). Approximately 425,000 patients with coronary heart disease die annually 

(2), 120,000 die as a result of chronic lung disease (3), and 112,000 die from end-stage 

kidney failure (4). The definitive treatment is allogeneic transplantation, but there is a 

severe shortage of donor organs, and those who are fortunate enough to receive an organ 

transplant are burdened with a lifelong regime of immunosuppressant therapy and risk 

chronic rejection (5).  A successful whole organ replacement strategy that does not rely on 

human donor organs would represent a paradigm shift in the treatment of patients with 

end-stage organ failure. A promising solution is engineered tissues, which have made great 

progress in recent years (6, 7). 

 

The traditional approach to engineering tissues, which has been in use for over twenty 

years, is to culture autologous cells on artificial scaffolds in order to generate simple tissues 

(FIG I.1) (8, 9). Cells are taken from an autologous donor, cultured as a monolayer in vitro 

and then expanded to generate the large number of cells needed to grow tissues. These 

cells are then seeded onto artificial scaffolds that attempt to mimic specific features of the 

cells’ native environment. After weeks of culture, these tissue constructs can be implanted 

in animal models for additional testing. 
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Figure I.1: Illustration of the traditional tissue engineering paradigm (10, 11). 

 

However, the success of traditional tissue engineering approaches has been limited to 

simple organs, such as the skin or bladder (12, 13). There has been significantly less 

progress engineering complex organs like the heart or lung, for several reasons (14, 15). 

These organs have a more complex architecture and composition, which can be difficult to 

mimic with artificial scaffolds (16).  Also, these organs are required to perform multiple 

functions in vivo. One way to recapitulate the complexity of these tissues is to use the 

organs’ natural support structure or scaffolding -- its extracellular matrix (ECM). ECM 

provides tissue-specific physical and chemical cues that have been shown to promote cell 

functionality and viability, with minimal immune response (17, 18). There have been 
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efforts to create synthetic ECM analogues that mimic the native ECM; however these 

products have been limited in their scope to patches and skin grafts (19, 20).  

 

 

Figure I.2: Illustration of an emerging tissue engineering paradigm. Extracellular matrix is 

derived from whole organ decellularization and then recellularized to create whole organ 

constructs (21-23). 

 

This strategy of decellularizing whole organs and recellularizing the ECM really took front 

stage in 2008 when Doris Taylor at the University of Minnesota recellularized murine ECM 

to create contractile heart tissue (21). This paradigm starts with an organ taken from a 

human source (in the case that the organ is not viable for transplant) or a more readily 
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available animal source that has an organ size and function that is similar to humans (e.g., 

bovine). Cells are then removed from the tissue by the process of decellularization, leaving 

the ECM (FIG I.2). Recellularization of this ECM with human cells from the potential 

recipient could then potentially restore function, and avoid immune rejection.  This 

strategy has been explored by numerous groups with some success in the ability to restore 

at least partial function in vivo and in vitro for the heart, lung, liver and kidney (24-26). 

 

The goal of whole organ decellularization is removal of cellular material, without impacting 

composition, biological activity or mechanical integrity of the ECM. Removal of cellular 

material is necessary to minimize an adverse immune response by recipients of the ECM. 

This leaves ECM proteins, which are highly conserved across species and are well tolerated 

in xenogeneic transplants (27, 28). The process of decellularization requires perfusion of 

chemical and enzymatic reagents, as well as physical methods such as freezing or agitation. 

However, a major limitation of decellularization is that these reagents damage the ECM 

which results in a loss of structure, protein content and mechanical integrity (29, 30). 

 

 

Figure I.3: ECM derived from heart, lung, liver and kidney tissues (21, 22, 31, 32). 
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Several groups have derived ECM using these different reagents and protocols (FIG I.3), 

resulting in scaffolds with a wide range of stiffnesses (33-35). Since substrate stiffness has 

been shown to play important roles in regulating the phenotype and gene expression of 

both functional and support cells (36, 37), it will be beneficial to determine how 

decellularization impacts ECM stiffness. Despite this variation in ECM properties and its 

potential impact on cell response, there have been few studies that compare the impact of 

different decellularization protocols on the ECM. In addition, a comparative study on the 

impact of decellularization on the ECM structure has not yet been presented. By improving 

our understanding of the relationship between ECM structure and stiffness, 

decellularization protocols can be tailored to retain features of the ECM that enhance cell 

behavior. 

 

Two structural proteins which have been shown to regulate tissue stiffness are collagen 

and elastin (38). By visualizing the impact of decellularization on these proteins, we may 

improve our understanding of the relationship between ECM structure and stiffness. 

Multiphoton microscopy (MPM) has been shown to be an effective tool for visualizing 

collagen and elastin (38, 39). Quantifying changes in collagen and elastin fiber structure 

using an image analysis technique, such as Image Correlation Spectroscopy (ICS), may 

provide insight about how ECM structure dictates tissue stiffness.  

 

Once cells have been removed from a tissue by decellularization, there are a number of 

challenges associated with introducing new cells back into the ECM. Depending on the size 

of the tissue, recellularization can require anywhere from tens of millions to billions of 
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cells. Expanding this many cells is a time consuming and expensive process. Also, several 

types of cells are required to rebuild the parenchyma, vasculature and underlying support 

structures. For these reasons, the majority of work in this field has been done with small 

animal models. Their smaller organs require fewer cells and do not need an intact vascular 

network, since oxygenation is only limited by diffusion. Another challenge will be to avoid 

fibrosis. Fibrosis is the formation of excess connective tissue in an organ in response to 

inflammation or damage, similar to scarring in response to an injury. This excess 

connective tissue can destroy an organ’s architecture and impair tissue function. In cardiac 

fibrosis, the excess production of collagen severely impairs the heart contractility (FIG I.4). 

This process of fibrosis has also been seen in recellularized ECM that has been implanted as 

skin grafts, where the resulting scar tissue inhibits host vascularization and impairs tissue 

function (40). Fibrosis will likely pose a challenge while recellularizing ECM derived from 

other organs, such as the heart and lungs. These limitations have made it clear that we are 

far from recapitulating complex organ function. 
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Figure I.4: Cardiac fibrosis results in excess production of collagen and loss of tissue 

function, shown in H&E stain (bottom) (41, 42). 

 

However, whole organ constructs created from recellularized ECM have come a long way 

and different organs have had varying levels of success. For example, Doris Taylor’s group 

had recellularized murine cardiac ECM and created contractile heart tissue. While this 

work was certainly the first of its kind, this heart tissue had many limitations. For example, 

its contractile force was only 2% of that of a fetal heart which meant that it would not be 

able to pump blood (21). Also, it lacked a developed vascular network and relied on 

diffusion to transport oxygen and nutrients. In 2010, Petersen et al. recellularized murine 

lung ECM that could be implanted for short times. These tissues participated in gas 

exchange, but lacked an alveolar barrier that could prevent leakage of blood and had poor 

vascular endothelial coverage (23). In 2014, Robertson et al. re-endothelialized the 
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vascular netwtwork of whole rat heart acellular scaffolds. This reduced thrombogenicity 

and enhanced ventricular contractility, but the construct lacked an intact vasculature (25).  

The goal of these recellularization strategies remains to achieve long term graft viability 

and function in vivo.  

 

The goal when recellularizing ECM is to create an implantable, functional tissue by 

rebuilding the parenchyma, vasculature and underlying support structures. Cells are first 

seeded by injection or perfusion. The construct is then cultured in a perfusion bioreactor 

that can regulate oxygenation, culture media and biophysical stimuli.  Perhaps most 

important is the choice of cells for recellularization. This requires functional cells that are 

responsible for maintaining organ function, such as cardiomyocytes in the heart, 

hepatocytes in the liver and epithelium in the lung. Supportive cells are also essential; 

endothelial cells provide a non-thrombotic barrier to confine blood flow to vascular spaces. 

Perhaps most important are fibroblasts, which are found throughout the body and play a 

prominent role in maintenance of tissue architecture through deposition of new or 

remodeling of existing ECM proteins. Fibroblasts have also been shown to improve 

parenchymal cell function in co-culture. Culture of hepatocytes with fibroblasts 

significantly increases liver specific functions (43), and fibroblasts aid cardiomyocytes in 

the propagation of electrical stimuli in the myocardium (44). Fibroblasts are also the most 

numerous cell type in the heart, and will therefore be essential for recellularizing the heart. 

For these reasons, fibroblasts will likely aid in future recellularization strategies. 

Fibroblasts also have site-specific gene expression and phenotype, resulting in differences 

in growth, metabolism and ECM protein synthesis (45). Despite the impact of fibroblasts on 
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matrix structure and parenchymal cell behavior, fibroblast response to decellularized ECM 

remains relatively unexplored.  

 

ECM is complex and there are potentially many features that can influence fibroblast 

response. Substrate stiffness, cell source and substrate composition have been shown to 

regulate cell behavior. Different decellularization protocols have derived ECM with a wide 

range of mechanical properties. Interestingly, these differences in substrate stiffness have 

been shown to regulate the cell behavior of both functional and support cell types. 

Ventricular myocytes cultured on a range of substrate stiffnesses resulted in differential 

expression of α-actin (36). Endothelial cells and fibroblasts cultured on stiffer substrates 

enhanced cell spreading (37). 

 

Fibroblasts from different areas of the body can have inherent differences in protein 

transcription and phenotype that may profoundly impact cell response during 

recellularization. An overly contractile fibroblast that produces excessive amounts of 

collagen can result in unwanted remodeling of the ECM. This process is most commonly 

seen with myofibroblasts during wound healing and fibrosis. Most importantly, organ-

specific fibroblast response to ECM has not been presented. In addition to cell source, 

substrate composition has been shown to play an important role in regulating cell 

response. Each organ has a unique composition and tissue-specific ECM can best mimic a 

cell’s extracellular environment. Previous studies have demonstrated that ECM derived 

from a cell’s native tissue can enhance cell differentiation (seen in skeletal myoblasts) and 

maturation (heSC-derived cardiomyocytes), when compared to ECM from another source 
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(46, 47). By improving our understanding of the impact of substrate stiffness, cell source 

and substrate composition on fibroblast behavior we can optimize decellularization and 

recellularization protocols to enhance cell response to the ECM. 

 

Integrins are membrane-bound proteins that play an important role in ECM maintenance 

and remodeling by transmitting signals from the ECM to regulate cell function. In the case 

of the fibroblast, integrins can influence the expression of intracellular and extracellular 

proteins, such as alpha smooth muscle actin and collagen. By determining the role integrins 

may play in organ-specific fibroblast response to the ECM, we may be able to identify 

source specific differences in cell expression that regulate fibroblast response to ECM. 

 

A commercially available ECM scaffold that could be recellularized with selected cell 

populations offers a potential alternative treatment for end-stage organ failure. By 

identifying structural and biochemical features of the ECM that impact organ-specific 

fibroblast behavior and by determining what role integrins play, we may be able to 

improve the decellularization and recellularization process. The goal of this work is to 

characterize the impact of decellularization on the ECM microstructure and mechanical 

properties and to determine the effect of ECM structure, composition and fibroblast source 

on fibroblast phenotype.  
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CHAPTER 1: Optical Imaging Predicts Mechanical Properties During 

Decellularization of Cardiac Tissue 

Abstract  

 

Decellularization of xenogeneic hearts offers an acellular, naturally occurring, 3-D scaffold 

that may aid in the development of engineered human heart tissue.  However, 

decellularization impacts the structural and mechanical properties of the extracellular 

matrix, which can strongly influence cell response during recellularization.  We 

hypothesized that multiphoton microscopy (MPM), combined with image correlation 

spectroscopy (ICS), could be used to characterize structural and mechanical properties of 

the decellularized cardiac matrix in a non-invasive and non-destructive fashion.  Whole 

porcine hearts were decellularized for 7 days by four different solutions of Trypsin and/or 

Triton.  Compressive modulus of the cardiac extracellular matrix decreased to <20% of that 

of the native tissue in three of the four conditions (range 2-8 kPa); the modulus increased 

by ~ 150% (range 125-150 kPa) in tissues treated with Triton only. Collagen and elastin 

content decreased steadily over time for all four decellularization conditions. ICS amplitude 

of second harmonic generation (SHG, ASHG) collagen images increased in three of the four 

decellularization conditions characterized by a decrease in fiber density; ICS amplitude was 

approximately constant in tissue treated with Triton only.  The ICS ratio (RSHG, skew) of 

collagen images increased significantly in the two conditions characterized by loss of 

collagen crimping or undulations. ICS ratio of two-photon fluorescence (TPF, RTPF) elastin 

images decreased in three of the four conditions, but increased significantly in Triton only 
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treated tissue characterized by retention of densely packed elastin fibers. There were 

strong linear relationships between both the log of ASHG (R2 = 0.86) and RTPF (R2 = 0.92) 

with the compressive modulus. Using these variables, a linear fit predicts the compressive 

modulus: E = 73.9*Log(ASHG) + 70.1*RTPF – 131 (R2=0.94).  This suggests that collagen 

content and elastin alignment determine mechanical properties of the extracellular matrix. 

We conclude that MPM and ICS analysis is a non-invasive, non-destructive method to 

predict the mechanical properties of the decellularized cardiac extracellular matrix. 

 

Introduction 

 

Decellularization of xenogeneic hearts offers an instructive extracellular matrix (ECM) that 

may facilitate the development of engineered human heart tissue. Porcine cardiac 

extracellular matrix (C-ECM) has been shown to promote functionality and viability of 

avian cardiomyocytes and murine mesenchymal stem cells, without eliciting an immune 

response upon implantation (48, 49). Additionally, C-ECM potentially retains the physical 

and chemical cues to aid cells in proliferation and spatial re-organization (21, 48, 49). 

 

The decellularization process affects the ECM composition, structure, and mechanical 

properties (50), which have been shown to affect cell response upon re-seeding.  For 

example, the substrate stiffness significantly impacts immature ventricular myocyte 

maturation and differentiation (51).  In addition, cells cultured on collagen gels with 

stiffness similar to native myocardium demonstrate improved function and phenotype. 

They are more likely to beat, beat with greater frequency, develop aligned sarcomeres and 
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generate greater contractile force (51-53).  Furthermore, previous work has generally 

cultured cardiomyocytes on collagen coated gels that have stiffnesses similar to native 

myocardium, but lack structural features present in native tissue such as collagen crimping 

or undulations (51, 52). Network microstructure can affect the mechanical properties of 

the extracellular matrix (54, 55).  Thus, retaining both the mechanical properties and 

structural features of native myocardium will likely improve the performance of seeded 

cardiomyocytes during recellularization.  

 

Imaging the collagen and elastin fibers of C-ECM may improve our understanding of the 

relationship between mechanical properties and cell response. Multiphoton microscopy 

(MPM) and image correlation spectroscopy (ICS) are an effective combination to non-

invasively and non-destructively assess bulk mechanical properties of collagen hydrogels 

(39, 56, 57), and may be useful for in vivo applications, including the assessment of elastin 

(38). However, previous work has not considered additional structural features, such as 

collagen crimping, which is present in the natural ECM. It is not well understood how these 

structural features affect mechanical properties.  The goal of the current work is to 

quantitatively and non-invasively characterize the impact of decellularization on the C-ECM 

microstructure and mechanical properties using MPM and ICS. 

 

Materials and Methods 

 

Preparation of C-ECM 
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Whole porcine hearts were obtained immediately after euthanasia of 40-55 kg, adult 

female Yorkshire pigs. Excess fat and connective tissue were removed, and the coronaries 

were perfused with phosphate buffered saline to remove coagulated blood. Each heart was 

frozen at -80 oC for at least 24 hours to aid in cell lysis (48). These hearts were then thawed 

at room temperature and decellularized over a seven day period by coronary perfusion 

with four different solutions of either Trypsin/EDTA/NaN3 and/or Triton/EDTA/NaN3 

(Table 1.1) as previously described (48). All Trypsin conditions were at a concentration of 

0.02% and all Triton conditions were at a concentration of 3%. All solutions contained 

0.05% EDTA and 0.05% NaNa3. Different combinations of Trypsin and Triton were used as 

their mechanism of action should differentially impact the extracellular matrix (48, 58). 

Full thickness left ventricular tissue samples (1x1cm) were collected every 24 hours for 

imaging of MPM of fiber ultrastructure, mechanical testing for compressive modulus and 

protein analysis of collagen, elastin and DNA content. 

 

Table 1.1: Decellularization Conditions 

Decell 3/4 0.02% Trypsin/ 0.05% EDTA/ 0.05% NaN3 for 3 days and 

3% Triton X-100/ 0.05% EDTA/ 0.05% NaN3 for 4 days 

Decell 1/6 0.02% Trypsin/ 0.05% EDTA/ 0.05% NaN3 for 1 days and 

3% Triton X-100/ 0.05% EDTA/ 0.05% NaN3 for 6 days 

Tryp Only 0.02% Trypsin/ 0.05% EDTA/ 0.05% NaN3 for 7 days 

Trit Only 3% Triton X-100/ 0.05% EDTA/ 0.05% NaN3 for 7 days 

 

Multiphoton Microscopy 
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For MPM imaging, multiphoton excited autofluorescence (elastin) and second harmonic 

generation (collagen) were measured (Zeiss LSM 510 Meta Microscopy System) at 5 µm 

intervals with depths ranging from 0 to 50 µm as previously described (56).  Second 

harmonic generation (SHG) arises from non-linear interactions between the incident light 

and the non-centrosymmetric structure of fibrillar collagen, and thus uniquely reflects 

fibrillar collagen for in vitro and in vivo samples (59). Two-photon fluorescence (TPF) 

arises primarily from the autofluorescence of elastin (60). Thus, MPM enables non-invasive 

visualization of collagen and elastin in intact, unstained tissues. The TPF and SHG signals 

were collected using a 40x / 1.3 Achroplan oil-immersion objective. A circularly polarized 

Chameleon laser was focused on the C-ECM samples with a wavelength of 860 nm and an 

incident power ranging from 60-175 mW. The SHG collagen signal was obtained using a 

390-465 nm bandpass filter. TPF signal was collected simultaneously in a second channel, 

using a 500-550 nm bandpass filter. To maximize consistency, images from different days 

and from different animals were taken using the same set of optical parameters, such as 

gain and laser intensity. 

 

Image Correlation Spectroscopy 

ICS was performed on SHG and TPF images during decellularization to quantify image 

morphology using indices that reflect fiber alignment and fiber density. ICS employs 

autocorrelation of two-dimensional and spatially resolved data (56, 61, 62) to assess fiber 

orientation, alignment, size, and density (56). MATLAB was first used to compute the two-

dimensional spatial autocorrelation function (ACF) as previously described (56). Briefly, 

the ACF was calculated by first multiplying the two-dimensional spatial fast Fourier 
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transform (FFT) function of the image and its complex conjugate to get the power spectral 

density (PSD). The inverse FFT of the PSD produced the ACF. The central 32x32 pixel 

portion of the ACF was then cropped to remove higher spatial lag. The cropped ACF was 

then fit to a two-dimensional Gaussian function, where σM and σm represented the standard 

deviated along the major and minor axis, respectively, RSHG and RTPF the ratios of σM and σm 

for SHG and TPF images, θ the orientation of the axis with respect to the horizontal, and 

ASHG and ATPF the peak amplitudes for SHG and TPF images, respectively (Fig. 1.1). Since we 

could not control the orientation of our image relative to a fixed structure feature in the 

heart, θ was not used in this study.  A and R were used as indices that reflect fiber density 

and alignment (62). 

 

Figure 1.1: Illustration of image correlation spectroscopy. A) An SHG image with collagen 

fibers oriented horizontally, B) the autocorrelation function (ACF) of panel A, and C) the 

Gaussian fit of the centrally cropped ACF (dashed rectangle/square in panel B) with a 

wireframe representing the fit. A represents the peak amplitude, σM and σm represent the 

standard deviated along the major and minor axis. 

 

Mechanical Testing 
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The compressive modulus of the tissues was measured via indentation testing (Synergie 

100, MTS Systems Corporation, Eden Prairie). Sample height (~15 mm) was measured 

using a linear extensor. Each sample was then compressed to 20% strain with a 5 mm 

radius plate at a rate of 0.02 mm/s. Data was acquired with a 10N load cell at 50 Hz with 12 

bit data acquisition. Modulus was calculated in the linear region of the stress-strain curve. 

Each sample was tested in 5 locations and the values averaged.  

 

Protein Quantification 

Total collagen, elastin and DNA content per dry weight were assessed (N=3 for each time 

point) using commercially available kits (collagen: hydroxyproline assay kit Cedarlane, 

Elastin: Fastin assay kit Biocolor, DNA: Quant-iT PicoGreen dsDNA assay Invitrogen) 

following the manufacturer’s instructions.  

 

Statistical Analysis 

SHG and TPF image parameters, compressive modulus, DNA content, collagen content, and 

elastin content were analyzed as a function of time during decellularization using one-way 

ANOVA. Compressive modulus was compared to ASHG, ATPF, RSHG and RTPF using linear 

regression.  In some cases a log transformation was used to determine if a power law 

relationship between variables was evident.  Logistic regression and backward stepwise 

variable selection method using A and R from the both SHG and TPF was applied to find the 

best variables to predict compressive modulus using the Akaike information criterion (AIC) 

(63). Multiple linear regression was then used to determine the relationship between the 
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variables which had been selected by the AIC. SigmaStat was used to perform the statistical 

tests. 

 

Results 

 

Visual appearance and DNA content 

All four decellularization protocols removed the red-brown coloration of the tissue by day 

3. By day 7, the hearts from the four conditions were visually similar, with the exception 

modest differences in shape (Fig. 1.2).  Hearts decellularized by Trypsin/EDTA/NaN3 for 3 

days and Triton/EDTA/NaN3 for 4 days (Decell 3/4) or by Trypsin/EDTA/NaN3 for 1 day 

and Triton/EDTA/NaN3 for 6 days (Decell 1/6) retained their native shape. In contrast, 

hearts decellularized by Trit Only resembled hearts suffering from dilated cardiomyopathy 

with enlarged left ventricles, while hearts decellularized by Tryp Only appeared to 

uniformly lose shape. Quantitative analysis of DNA content of hearts decellularized by 

Decell 3/4 and Decell 1/6 showed a significant decrease in DNA compared to the DNA 

present in the non-decellularized samples (Table 1.2). This represented a 90% and 91%, 

respectively, decrease in the amount of double-stranded DNA present in the tissue after 

decellularization. Tryp Only and Trit Only resulted in incomplete decellularization with 

DNA removal of approximately 59% and 40%, respectively (mean ± SD of 3.39 ± 0.54 and 

4.89 ± 0.37, respectively).   

 



19 
 

 

Figure 1.2: Representative images of intact porcine hearts decellularized by coronary 

perfusion are shown (A) before decellularization, (B) after 0.02% Trypsin for 3 days and 

3% Triton X-100 for 4 days, (C) after 0.02% Trypsin for 1 day and 3% Triton X-100 for 6 

days, (D) after 0.02% Trypsin for 7 days, and (E) after 3% Triton X-100 for 7 days. 

 

Table 1.2: Extracellular Matrix DNA Quantification 

 

 

 

 

 

 

 

 

Mechanical properties, collagen and elastin content 

Decellularization progressively decreased the compressive modulus of the C-ECM to < 20% 

of non-decellularized tissues in three of the four conditions (Fig. 1.3A).  For Trit Only, the 

compressive modulus increased by ~ 150% by day 3, and then remained constant.  In 

contrast, the collagen content decreased steadily over time for all of the conditions (Fig. 

Sample DNA (ng/mg dry weight) 

  

Native Heart 8.20 ± 0.61 

C-ECM (Decell 3/4) 0.82 ± 0.18 

C-ECM (Decell 1/6) 0.75 ± 0.10 

C-ECM (Tryp Only) 3.39 ± 0.54 

C-ECM (Trit Only) 4.89 ± 0.37 
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1.3B), although Trit Only decreased the least (~ 40% compared to ~ 80% for the other 

three conditions). Elastin content also decreased steadily over time for all four conditions 

(Fig. 1.3C). Again, Trit Only decreased the least (~30% compared to 50-70%). 

 

 

Figure 1.3: Compressive Modulus (Figure 1.3A), Collagen Content (Figure 1.3B) and Elastin 

Content (Figure 1.3C) measured at days 0, 3, 5 and 7 of decellularization for all 4 

decellularization conditions and normalized to day 0. Baseline compressive modulus for 

intact samples: 61.9, 31.5, 45.0, and 31.5kPa. Baseline collagen content for intact samples: 

465.6, 486.4, 503.3, and 505.3 ug/mg. Baseline elastin content for intact samples: 37.8, 

37.7, 38.6, and 38.8 ug/mg. Error bars at day 0 (in red) denote standard deviation of 

baseline values, normalized to the average baseline value (calculated separately for each 

condition). Error bars for subsequent days (in black) denote standard deviation of the 

normalized values.  Asterisks represent statistically significant differences between 

conditions for that day (*p < 0.05). Number signs represent statistical variation with time 

for that condition (p < 0.05). 

 

Collagen microstructure 
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The SHG images of C-ECM at day 0 showed similar collagen fiber structure between 

samples, with small differences in collagen crimping. However, SHG images demonstrated 

significant qualitative differences between the decellularization conditions (Fig. 1.4).  

Decell 3/4 and Tryp Only produced C-ECM with straight and aligned collagen fibers, while 

Decell 1/6 and Trit Only produced C-ECM with crimped collagen fibers.  These patterns 

began to emerge three days after initiation of the decellularization protocol. 
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Figure 1.4.  Collagen Microstructure.  Representative SHG images reveal the fibrillar 

collagen microstructure of intact porcine hearts at days 0, 3, 5 and 7 for all 4 

decellularization conditions. Images are 1024 x 1024 pixels and 230 μm x 230 μm. N=8 

images per condition were used for image analysis and statistics. Scale bar 50 μm. 

 

Elastin microstructure 

The elastin microstructure can be visualized from the TPF signal (60) (Fig. 1.5). The TPF 

images of C-ECM at day 0 showed similar elastin fiber structure between samples, with 

small differences in fiber density.  However, there were marked qualitative differences 

between the decellularization conditions.  Decell 3/4, Decell 1/6 and Tryp Only 

significantly disrupted the fine fiber architecture present in the native tissue.  In contrast, 

the elastin structure was largely retained in Trit Only, but the fibers appeared more 

densely packed. 
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Figure 1.5.  Elastin Microstructure. Representative TPF images reveal the elastin 

microstructure of intact porcine hearts at days 0, 3, 5 and 7 for all 4 decellularization 

conditions. Images are 1024 x 1024 pixels and 230 μm x 230 μm. N=8 images per condition 

were used for image analysis and statistics.  Scale bar 50 μm. 

 

MPM and ICS analysis of collagen and elastin microstructure 
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ICS analysis of the SHG images demonstrated quantitative differences in collagen 

microstructure amongst the decellularization conditions (Fig. 1.6).  ASHG increased in three 

of the four decellularization protocols, the exception was Trit Only in which ASHG was 

approximately constant (Fig. 1.6A).  In contrast, the RSHG increased significantly in the two 

conditions characterized by loss of collagen crimping (Decell 3/4 and Tryp Only). ICS 

analysis of the TPF images revealed quantitative differences in elastin structure between 

the decellularization conditions: RTPF decreased in Decell 3/4, Decell 1/6 and Tryp Only. In 

contrast, the RTPF of Trit Only increased significantly characterized by retention of densely 

packed elastin fibers (Fig. 1.5). 

 

 

Figure 1.6. ICS of SHG and TPF.  A) SHG ICS amplitude, B) SHG ICS ratio, C) TPF ICS 

amplitude, and D) ICS ratio were calculated from SHG and TPF images of intact porcine 

hearts at days 0, 3, 5 and 7 for all 4 decellularization conditions and normalized to day 0. 

Baseline SHG ICS amplitude for intact samples were 0.12, 0.11, 0.15, 0.13, respectively. 
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Baseline SHG ICS ratio for intact samples were 1.50, 1.65, 1.23, 1.23, respectively. Error 

bars at day 0 (in red) denote standard deviation of baseline values, normalized to the 

average baseline value (calculated separately for each condition). Error bars for 

subsequent days (in black) denote standard deviation of the normalized values.  Asterisks 

represent statistically significant differences between conditions for that day (*p < 0.05). 

Number signs represent statistical variation with time for that condition (p < 0.05). 

 

Mechanical properties correlate with ICS Amplitude and Ratio 

ICS image analysis of the C-ECM during the decellularization process was compared to 

direct mechanical testing and protein assays. ASHG modestly correlated with compressive 

modulus (R2 = 0.57) and collagen content (R2 = 0.48).  However, there was a strong linear 

relationship between the log of ASHG (R2 = 0.86) and the log of the compressive modulus 

(Fig. 1.7A). RTPF also strongly correlated with compressive modulus (R2 = 0.92). However, 

ATPF (R2 = .13) and RSHG (R2 = 0.34) showed little correlation with compressive modulus. 

Backward stepwise elimination based on Akaike information criterion (AIC) showed the 

best variables predict E were ASHG and RTPF (AIC, 398): E = 73.9*Log(ASHG) + 70.1* RTPF – 

131.  This improved the fit to experimental data (R2=0.94).  In contrast, the AIC for the best 

single parameter (RTPF) was 418. Thus by introducing one more variable (ASHG), AIC 

improved by 20 (or 5%).  
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Figure 1.7. Relationship between Mechanical and Optical Properties.  A) Scaling 

relationship for compressive modulus and ICS amplitude from SHG images and B) 

compressive modulus and ICS ratio from TPF images for all four decellularization 

conditions. 

 

Discussion 

 

Decellularization of the heart is a rapidly developing field that promises to create a scaffold 

for functional cardiac tissue engineering (21, 48, 58).  However, the decellularization 

process impacts the ECM, and a non-invasive, non-destructive method to assess the C-ECM, 
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in particular the mechanical properties, has not yet been presented.  We have 

demonstrated that MPM (SHG from fibrillar collagen and TPF from elastin) imaging of the 

C-ECM and ICS analysis provides quantitative and objective information about the C-ECM in 

a non-invasive and non-destructive fashion that can predict the compressive modulus of 

the decellularized matrix. 

 

Variability in microstructure/mechanics between decellularization conditions.  

It is perhaps important to first note that gross visual inspection of the C-ECM cannot 

distinguish between the decellularization protocols (Fig. 1.2). Thus, alternate methods are 

necessary to determine the extent of decellularization and changes to structural or 

mechanical properties.  The most striking difference in the mechanical property amongst 

the decellularization conditions was the observation that Trit Only caused a significant 

increase in the compressive modulus while the remaining three conditions all caused a 

significant decrease. There are several factors potentially responsible for this observation. 

Despite a decrease in overall elastin content in all four conditions, TPF showed that Trit 

Only was the only condition to preserve the fibrillar nature of the elastin network (Fig. 1.5), 

although the density of the elastin fibers increased.  The increased density of elastin could 

contribute to the increase in the compressive modulus. SHG also revealed a more densely 

crimped collagen structure of Trit Only, which could enhance the compressive modulus.  

This feature was reflected in the unique combination of a constant ASHG, but an increase in 

RSHG. Constant ASHG suggests that collagen density did not change, while increased RSHG 

instead shows a change in collagen fiber orientation. Finally the mechanism by which each 

reagent disrupts cells may also be a factor. Triton lyses cells by disrupting the cell 
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membrane and, unlike Trypsin, did not break the cell-ECM bonds. This may result in 

significant cell residue (not DNA) that could impact the compressive modulus. 

 

Despite the near complete removal of cellular DNA (comparable to previously published 

results)(48), Decell 1/6 preserved collagen crimping, a feature of the native ECM, while 

Decell 3/4 did not. The C-ECM with crimped collagen fibers had a two-fold higher 

compressive modulus compared to the uncrimped C-ECM (5.8 kPa vs. 2.4 kPa, p < 0.01). 

These are physiologically relevant differences in compressive modulus (between 1 and 

15kPa) (51, 52). During embryonic development, the passive modulus of cardiac tissue is 

approximately 3-4 kPa while the modulus of tissue surrounding the myocardium ranges 

from 9-14 kPa (64). The prolonged exposure to Trypsin likely disrupted collagen and 

elastin protein fibrils leading to a loss of fiber density (Fig. 1.5). 

 

While C-ECM from Decell 3/4 and Decell 1/6 had different compressive moduli and 

collagen ultrastructure, they had similar levels of collagen content. This suggests that the 

presence of crimping in Decell 1/6 C-ECM may have been partly responsible for the higher 

compressive modulus. The increased compressive modulus of Trit Only and its 

preservation of elastin fibers (Fig. 1.5) also suggest that the presence of elastin may have 

played an important role in mechanical properties in C-ECM. 

 

ICS amplitude and ICS ratio predict structure and mechanical properties. 

Previous work has shown that ICS parameters correlate with fiber properties such as 

width, density and pore size (56, 61). However, additional properties, such as collagen 
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crimping or elastin content, will likely affect bulk mechanical properties. Expanding ICS 

analysis to include these additional features will help further define the relationship 

between ICS and bulk mechanical properties in natural tissues.  

 

In our study, ASHG and RTPF correlated well with compressive modulus, and RSHG appeared to 

increase with loss of collagen crimping. Logistic regression and backward stepwise 

elimination based on Akaike information criterion (AIC) showed the variables to predict 

compressive modulus  were ASHG and RTPF, which improved the fit to experimental data 

(R2=0.94) relative to a single variable (RTPF).  By introducing one more variable (ASHG), AIC 

improved by 20 (or 5%). ATPF (R2 = .13) and RSHG (R2 = .34) showed almost no correlation 

with compressive modulus and were therefore excluded. The high degree of fit suggests 

that MPM and ICS provide a non-invasive means to determine structure and mechanical 

properties of C-ECM. 

 

ICS amplitude has previously been shown to be inversely proportional to fiber density (62). 

Thus, our observed increase in ASHG and ATPF is likely a result of decreased collagen and 

elastin fiber density, confirmed by the protein assays that demonstrated a loss of total 

collagen and elastin content.  However, another factor is the presence of light scatterers, 

including cells, during the early stages of decellularization. Cells scatter photons and reduce 

the MPM signal (59). Complete removal of cells results in sharper images of the SHG 

collagen structure and the TPF elastin structure. Thus, both loss of collagen and cells may 

have contributed to the observed increase in ICS amplitude. 
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Optimal decellularization for mechanical endpoints 

Previous studies suggest an optimal ECM stiffness range for cardiomyocyte and cardiac 

fibroblast cell function exists (51, 52, 65). Stiffness significantly affects maturation and 

differentiation of immature ventricular myocytes, development of aligned sarcomeres, and 

generation of contractile force (51).  Cardiomyocytes are also more likely to beat, and beat 

with greater frequency, when cultured on softer collagen gels with heart-like elasticity (52, 

53). ECM mechanical properties also play a dominant role in maintaining fibroblast 

quiescence (65). As artificial substrate stiffness increases from that of normal parenchymal 

tissue (~10 kPa) to that of fibrotic, collagen-rich tissue (35-70 kPa), cultured fibroblasts 

transition from quiescence to a state of increased proliferation and matrix synthesis, 

suggesting that controlling ECM stiffness promotes cell functionality. 

 

Previous work investigating the recellularization of C-ECM using cardiac, endothelial, 

fibroblast and stem cells had shown that the scaffold’s architecture and composition 

promote cell functionality. Recellularization of decellularized rat hearts with cardiac and 

endothelial cells, with subsequent electrical and mechanical stimulation, create contractile 

tissues (21). Decellularized porcine hearts recellularized with cardiomyocytes support 

formation of organized cardiomyocyte sarcomeres (48), and have been shown to beat and 

express typical cardiac cell markers within a few days of seeding (49). This suggests that 

retaining ECM architecture and composition during decellularization will promote cell 

function upon recellularization. 
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Despite the current success in recellularizing natural and artificial scaffolds, the effect of 

collagen structure on cell fate remains relatively unexplored. A mechanical environment 

and structure similar to that of native myocardium should be most favorable. When 

comparing our two decellularization conditions, Decell 1/6 produced a compressive 

modulus and structure more similar to native extracellular matrix (42.4 kPa) relative to 

Decell 3/4 (5.8 kPa vs. 2.4 kPa).  Additionally, Decell 3/4 appeared to damage collagen 

structure and compromise mechanical integrity, as seen by the loss of crimping and 

decrease in fiber density. This suggests that Decell 1/6 would be the preferred 

decellularization condition for maintaining cell function. Tryp Only and Trit Only were not 

valid decellularization techniques, as DNA loss was incomplete.  Nonetheless, these 

conditions provide information about the affect each individual reagent has on collagen 

structure during the decellularization process. Trypsin severely reduced structure and 

mechanical integrity while Triton preserved the collagen crimping and increased the 

matrix stiffness.  Our results emphasize the importance of appropriate timing when 

optimizing a decellularization protocol using these two reagents. 

 

Conclusion 

 

Decellularization of xenogeneic hearts potentially offers instructive matrix that may 

facilitate the development of engineered human heart tissue.  Studies have shown that 

mechanical properties of the extracellular matrix can strongly influence cell response; 

however, the decellularization process impacts the C-ECM structural and mechanical 

properties. We have presented a non-invasive, non-destructive method to assess the 
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mechanical properties of the matrix that employs MPM imaging and ICS analysis. This 

process allows one to quantitatively assess the microstructure, and estimate the 

compressive modulus without compromising the C-ECM. 
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CHAPTER 2:  Differential β3 Integrin Expression Regulates the Response 

of Human Lung and Cardiac Fibroblasts to Extracellular Matrix and Its 

Components 

Abstract 

 

Extracellular matrix (ECM) derived from whole organ decellularization offers an 

instructive, 3D scaffold that may aid in the development of engineered tissues. However, 

decellularization disrupts the mechanical properties and protein composition of the ECM. 

Furthermore, fibroblast phenotype can be tissue-specific. We hypothesized that ECM 

structure and composition, fibroblast source, and integrin expression will influence 

fibroblast phenotype.  Human cardiac fibroblasts (HCFs) and normal human lung 

fibroblasts (NHLFs) were cultured on cardiac ECM, lung ECM, and their individual 

components for 48 hours.  COL1A expression of HCFs and NHLFs cultured on ECM and 

fibronectin coatings decreased to <50% of that of untreated cells; COL1A expression was 1-

2-fold higher for HCFs cultured on stiffer substrates.  NHLFs cultured on ECM and 

fibronectin coatings expressed 12-31-fold more alpha smooth muscle actin (α-SMA) than 

HCFs; the α-SMA expression was ~2-5 fold higher for HCFs and NHLFs cultured on stiffer 

substrates. HCFs expressed significantly higher levels of β3, β4 and αvβ3 integrins when 

compared to NHLFs. Inhibition of the β3 integrin resulted in a 16-26-fold increase in α-SMA 

expression in HCFs cultured on ECM and fibronectin. This suggests that β3 integrin 

expression is dictated primarily by the source of the fibroblast, and that its expression 

inhibits α-SMA expression (and thus the myofibroblast phenotype). We conclude that 
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substrate stiffness, fibroblast source, and integrin expression play important regulating 

fibroblast phenotype.  

 

Introduction 

 

Extracellular matrix (ECM) derived from whole organ decellularization offers a promising 

biological scaffold for tissue engineering applications.  The native 3D structure and 

biochemical composition of these matrices must be able to support tissue-specific 

recellularization strategies.  However, decellularization protocols use reagents that can 

disrupt the ECM resulting in a range of mechanical properties and protein composition that 

no longer reflect the ECM in vivo (29).  Furthermore, fibroblast phenotype can be organ-

specific (66).  Thus, we may be able to improve the decellularization and recellularization 

process by identifying structural and biochemical features of the ECM that impact organ-

specific fibroblast behavior. 

 

Recellularization of decellularized matrices is an intriguing strategy to specifically engineer 

lung and cardiac tissue (21, 23) that will likely include stromal cells, such as the fibroblast. 

The fibroblast is an ubiquitous cell (e.g., it is the most numerous cell type in the heart) that 

plays a prominent role in the maintenance of tissue architecture through deposition of 

new, or remodeling of existing, ECM proteins. However, fibroblast cell response to the 

decellularized matrix remains relatively unexplored (21, 48, 49). Excessive contractile 

function or collagen deposition induced by abnormal mechanical properties or soluble 
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growth factors could interfere with normal structure and function of the recellularized 

tissue (67).  

 

Integrins are membrane-bound proteins that play a critical role in ECM maintenance and 

remodeling by transmitting signals from the ECM to regulate cell function.  In the case of 

the fibroblast, integrin expression can influence the expression of intracellular structural or 

contractile proteins such as alpha smooth muscle actin (α-SMA) (68), and thus the 

myofibroblast phenotype, as well as extracellular structural proteins such as collagen (69). 

However, previous work has not determined the effect of specific decellularized matrix 

features on fibroblast function and integrin signaling. For example, it is not well 

understood how collagen microstructure may affect α-SMA expression.  

 

Finally, previous work has shown that fibroblast source can significantly affect cell 

morphology and ECM deposition (70). Similarly, ECM has been shown to influence 

chemotaxis, direct cell differentiation, and induce constructive host tissue remodeling 

responses (71).  Nonetheless, it is still unclear whether fibroblast source or ECM structure 

and composition both impact fibroblast, and what role integrins may play in this process. 

 

The goal of this study is to determine the effect of ECM structure and composition, 

fibroblast source, and integrin expression on fibroblast phenotype by seeding human 

cardiac and lung fibroblasts on cardiac ECM, lung ECM, and their individual components.  

Our results demonstrate that β3 integrin expression is dictated primarily by the source of 

the fibroblast, and that its expression inhibits α-SMA expression (and thus the 
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myofibroblast phenotype).  This result suggests that organ-specific fibroblasts may be an 

important factor in effective recellularization strategies. 

 

Materials and Methods 

 

Cell culture 

Human cardiac fibroblasts (HCFs) and normal human lung fibroblasts (NHLFs) were 

independently seeded at a density of 3,500 cells/cm2 on T-25 tissue culture flasks coated 

for 1 hour at 37 C with 1mg/mL type I collagen (coll coat), 25µg/mL fibronectin (FN coat), 

1mg/mL C-ECM (CECM1 coat, CECM2 coat and CECM3 coat) or 1mg/mL L-ECM (LECM1 

coat), as well as on T-25 flasks containing 2 mL collagen gels (coll gel) or intact C-ECM 

samples (CECM2 intact and CECM3 intact). Cells were also seeded on uncoated flasks that 

were left untreated (by which our data was normalized to), or treated with 50ng/mL TGF-β 

or 100ng/mL TNF-α (N=3, Table 2.1). 

 

Preparation of ECM 

Whole porcine hearts were obtained immediately after euthanasia of 40–55 kg, adult 

female Yorkshire pigs. The excess fat and connective tissue were removed, and the 

coronaries were perfused with phosphate-buffered saline to remove coagulated blood. 

Each heart was frozen at - 80 C for at least 24 hours to aid in cell lysis. These hearts were 

then thawed at room temperature and decellularized over a 7-day period by coronary 

perfusion with two different solutions of either Trypsin/EDTA/NaN3 and 
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Triton/EDTA/NaN3 as previously described (48). Different combinations of Trypsin and 

Triton were used as their mechanism of action should differentially impact the ECM (48, 

58). Full-thickness left ventricular tissue samples (1 x 1 cm) were collected after 7 days 

(CECM2 intact and CECM3 intact). The decellularized C-ECM was then desiccated and 

reduced to a powder. One gram of C-ECM powder and 100 mg of pepsin (Sigma, ~2,500 

U/mg) were mixed in 100 mL of 0.01M HCl and mixed for 4 days at room temperature. The 

resulting solution had a pH of approximately 2.8-3.2. C-ECM coatings were formed by 

mixing 0.1M NaOH and 1x PBS at 4 C. The solution was brought to 1 mg/mL and pH 8.5 and 

then coated on T-25 flasks for 1 hour at 37 C (CECM2 coat and CECM3 coat). C-ECM and L-

ECM was also provided by the Christman lab (CECM1 coat and LECM1 coat) and prepared 

as previously described (72). Briefly, porcine ventricular tissue and lung tissue was 

decellularized using 1% sodium docecyl sulfate for 4-5 days. The decellularized ECM was 

then rinsed with Triton X-100 for 30 min and with deionized water overnight, and milled 

into a fine powder. The powder was then digested in pepsin in 0.1M HCl. 

 

RNA quantification 

Total RNA was isolated from HCFs and NHLFs after 48 hours of culture under each 

condition (Aurum Total RNA Mini Kit and RNAzol). RNA quantity and purity were 

measured using a spectrophotometer (DU 730 Beckman Coulter). cDNA was then 

synthesized from mRNA (iScript Reverse Transcription Supermix). An optimal reference 

gene was then chosen using a commercially available pre-designed plate (Reference Gene 

H96). Type 1 collagen (COL1A, FIG 2.1), α-smooth muscle actin (α-SMA, FIG 2.1) and 

glucose-6-phosphate dehydrogenase (G6PD) RNAs were then quantified by Real Time 
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Quantitative PCR (PrimePCR SYBR Green Assay) using a CFX96 Real Time PCR Detection 

System (Biorad). A standard curve was created for each primer using 2-fold serially diluted 

cDNA from untreated HCFs and NHLFs. From these curves, gene expression was 

determined for each condition relative to untreated cells. The target genes’ (COL1A and α-

SMA) expression was then quantified relative to the housekeeper gene (G6PD) for each 

condition, to account for differences in cell proliferation. 

 

Integrin expression quantification 

HCF and NHLF cell suspensions were prepared by rinsing each condition (collagen, L-ECM, 

C-ECM and fibronectin coatings) with HBSS, and then treating each flask with 0.025% 

Trypsin in PBS for 4 minutes. Cells were then resuspended in assay buffer and added to 

integrin assay wells at 100,000 cells/well (per manufacturer’s instructions, Alpha/Beta 

Integrin-Mediated Cell Adhesion Array Combo Kit). Each well was used to capture cells 

expressing particular integrins on their cell surface. Unbound cells were washed away, and 

adherent cells were fixed and stained. Relative cell attachment was determined using 

absorbance readings, measured at 540nm using a Bio-Rad Benchmark Microplate Reader 

(FIG 2.2).  

 

Functional blocking studies 

In inhibition studies with blocking antibodies (FIG 2.3), HCF and NHLF cell suspensions 

were treated with 10µg/mL of anti-β3-integrin (CD61, Millipore) or 10µg/mL of anti-β4-

integrin (ASC-8, Millipore) for 30 minutes and then seeded on T25 tissue culture flasks as 

previously described.  
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α-SMA Staining 

HCFs and NHLFs were stained with a monoclonal antibody recognizing α-SMA followed by 

AlexaFluor488 goat anti-mouse IgG. Samples were counterstained with DAPI to visualize 

cell nuclei and analyzed using confocal microscopy (FIG 2.4). Area fraction of the regions 

stained by α-SMA was measured from thresholded images using ImageJ.  

 

Mechanical testing 

The compressive modulus of collagen gels and intact C-ECM samples were measured (FIG 

2.5) via indentation testing (Synergie 100; MTS Systems Corporation). The sample height 

(15mm) was measured using a linear extensor. Each sample was then compressed to 20% 

strain with a 5-mm radius plate at a rate of 0.02 mm/s. Data were acquired with a 10N load 

cell at 50 Hz with a 12 bit data acquisition. The modulus was calculated in the linear region 

of the stress–strain curve. Each sample was tested in five locations and the values averaged.  

 

Statistical analysis 

The COL1A RNA content, α-SMA RNA content, integrin expression, compressive modulus 

and promoter reporter fluorescence were analyzed using one-way ANOVA and paired t-

tests. SigmaStat was used to perform the statistical tests (p < 0.05). 

 

Results 
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COL1A RNA content 

Culture of HCFs and NHLFs on ECM and fibronectin coatings decreased the COL1A 

expression to <50% of that of untreated cells. In contrast, collagen coatings had no 

significant effect on COL1A expression. For the cells treated with TGF-β as a positive 

control, HCF COL1A expression increased by 1.15-fold and NHLF COL1A expression 

increased by ~15-fold. For the cells treated with TNF-α as a negative control, HCF COL1A 

expression decreased by 36% and NHLF COL1A expression decreased by 29%. These 

changes in expression agree with other published findings describing the effects of TGF-β 

and TNF-α on collagen production (73-76).  

 

Culture of HCFs on stiffer substrates resulted in increased COL1A expression, while NHLFs 

had mixed results. HCFs cultured on collagen coatings had a 1.38-fold higher COL1A 

expression than HCFs cultured on collagen gels (1.07 vs. 0.45, p<0.01). HCFs cultured on 

CECM2 coatings had a twofold higher COL1A expression than HCFs cultured on CECM2 

intact samples (0.30 vs. 0.10, p<0.01). Similarly, NHLFs cultured on collagen coatings had a 

100% higher COL1A expression than NHLFs cultured on collagen gels (1.03 vs. 0.50, 

p<0.01).  However, NHLFs cultured on CECM3 coatings showed the opposite trend, and had 

63% lower COL1A expression than NHLFs cultured on CECM3 intact samples (0.30 vs. 0.82, 

p<0.01). Culture of NHLFs on CECM2 coatings and CECM2 intact samples did not show a 

significant difference in COL1A expression. 
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FIG 2.1: COL1A and α-SMA RNA Content of HCFs and NHLFs quantified by RT-qPCR and 

normalized to expression of untreated fibroblasts. Asterisks represent statistically 

significant differences between conditions (*p < 0.05, **p < 0.01). 

  

α-SMA RNA content 

NHLFs cultured on ECM and fibronectin coatings expressed significantly more α-SMA than 

HCFs cultured under the same conditions (12-31 fold more α-SMA expressed by NHLFs 

compared to HCFs). Culture of HCFs on ECM and fibronectin coatings decreased α-SMA 

expression to <15% of that of untreated HCFs. In contrast, collagen coatings had no 

significant effect on α-SMA expression of HCFs. NHLFs cultured on ECM and collagen 

coatings increased α-SMA expression by 59-182%. In contrast, fibronectin coatings had no 

significant effect on α-SMA expression of NHLFs. For the cells treated with TGF-β as a 

positive control, HCF α-SMA expression increased by 71% and NHLF α-SMA expression 

increased by ~29-fold. For the cells treated with TNF-α as a negative control, HCF α-SMA 

expression decreased by 36% and NHLF α-SMA expression decreased by 28%. These 
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changes in expression agree with other published findings describing the effects of TGF-β 

and TNF-α on α-SMA production (77-79). 

 

Culture of HCFs and NHLFs on stiffer substrates resulted in increased α-SMA expression. α-

SMA expression of HCFs was 1.43-fold higher for collagen coatings than for collagen gels 

(1.02 vs. 0.42, p<0.01),  2.75-fold higher for CECM2 coatings than for CECM2 intact samples 

(0.15 vs. 0.04, p<0.05) and 1.4-fold higher for CECM3 coatings than for CECM3 intact 

samples (0.12 vs. 0.05, p<0.05). Likewise, α-SMA expression of NHLFs was 5.3-fold higher 

for collagen coatings than for collagen gels (1.83 vs. 0.29, p<0.01), 2.37-fold higher for 

CECM2 coatings than for CECM2 intact samples (2.83 vs. 0.84, p<0.01) and 2.53-fold higher 

for CECM3 coatings than for CECM3 intact samples (2.54 vs. 0.72, p<0.01).    

 

α/β surface integrin expression 

HCFs expressed similar α and β integrin levels when cultured on collagen, fibronectin, L-

ECM or C-ECM coatings, with the exception of HCF expression of α4 integrin on fibronectin 

which decreased significantly when compared to α4 expression on other substrates. 

Likewise, NHLFs expressed similar integrin levels when cultured on these four coatings.  

Both NHLFs and HCFs expressed low levels of β2 and β6; however, their expression of β3 

and β4 was markedly different.  While NHLFs expressed very low levels of β3, β4 and αvβ3 

integrins (mean±SD of 0.05±0.03, 0.04±0.02 and 0.32±0.07, respectively), HCFs showed a 

significantly higher expression of these integrins (0.33±0.05, 0.27±0.16 and 0.80±0.23, 

respectively). 
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FIG 2.2: α/ β Integrin Expression of HCFs and NHLFs. Asterisks represent statistically 

significant differences between conditions (*p < 0.05). 

 

Inhibition of β3 and β4 Integrins 

Because the expression of β3 and β4 was markedly different between NHLFs and HCFs, as 

well as the expression of α-SMA, we sought to determine whether there was a link.  

Inhibition of the β3 integrin did not significantly impact COL1A expression in HCFs and 

NHLFs, nor did inhibition impact α-SMA expression in NHLFs. In contrast, inhibition of the 

β3 integrin dramatically increased α-SMA expression of HCFs cultured on fibronectin (16-

fold) and ECM (20-26-fold).  Inhibition of the β4 integrin had no significant effect on COL1A 

and α-SMA expression in either HCFs or NHLFs. 
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FIG 2.3a: COL1A and α-SMA RNA content of HCFs and NHLFs with 48hr incubation with β3 

integrin blocking antibodies (-B3) normalized to RNA content of NHLFs and HCFs without 

integrin blocking antibodies (+B3). Asterisks represent statistically significant differences 

between conditions (*p < 0.05). 
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FIG 2.3b: COL1A and α-SMA RNA content of HCFs and NHLFs with 48hr incubation with β4 

integrin blocking antibodies (-B4) normalized to RNA content of NHLFs and HCFs without 

integrin blocking antibodies (+B4). 

 

α-SMA staining 

α-SMA staining revealed increased levels of α-SMA proteins in untreated NHLFs compared 

to untreated HCFs (area fraction of 4.96% compared to 0.41%). Inhibition of the β3 integrin 

in HCFs cultured on CECM2 coatings resulted in a significant increase in α-SMA compared 

to non-inhibited HCFs (area fraction of 2.54% compared to 0.03%). 
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FIG 2.4: Detection of α-SMA (green) in HCFs (top row) and NHLFs (bottom row) with and 

without 48hr incubation with β3 integrin blocking antibodies. 
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Mechanical properties 

Compressive modulus of each coating was comparable to uncoated polystyrene (~3GPa). 

The collagen gels, intact CECM2 and intact CECM3 samples had moduli several orders of 

magnitude lower (mean±SD of 1.34±0.23, 5.40±0.94 and 2.42±0.40kPa, respectively). 

 

Discussion 

 

Whole organ decellularization is a rapidly developing field that offers instructive ECM that 

may aid in the development of engineered tissues. However, decellularization impacts the 

mechanical properties and protein composition of the ECM (29), and organ-specific 

fibroblast cell response to the decellularized matrix has not been described.  Since lung and 

heart are two organs that have received significant attention in the literature describing 

decellularized organs (21-23, 49), we determined the response of lung and cardiac 

fibroblasts to a series of different substrates including organ-specific decellularized ECM 

and their specific sub-components.  Our results demonstrate that substrate stiffness and 

cell source (as opposed to the organ-specific ECM) are the primary determinants impacting 

fibroblast phenotype (i.e., myofibroblast).  In particular, β3 integrin expression is 

significantly higher in HCFs, and this directly inhibits α-SMA expression, and thus the 

myofibroblast phenotype.  

 

Substrate stiffness regulates the fibrotic response 
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Decellularization significantly reduces the mechanical properties of the ECM such that it no 

longer reflects the mechanical properties of the ECM in vivo. HCFs and NHLFs cultured on 

the decellularized ECM and collagen coatings resulted in increased COL1A and α-SMA 

expression, when compared to the intact decellularized ECM and collagen gels.  Since the 

protein composition of the coating and the intact decellularized ECM are identical, we 

conclude that culture of fibroblasts on stiffer substrates results in a myofibroblast 

phenotype and an increased fibrotic response.  Previous studies have shown that the 

mechanical properties of a cell’s microenvironment have as significant an impact on cell 

morphology and function as soluble factors and cell-cell contact (80, 81). Cells cultured on 

stiff substrates upregulate the expression of integrins (37), assemble actin stress fibers 

(82), and exhibit a more spread phenotype (80).  Cells cultured on coated flasks are likely 

responding to the stiffness of the polystyrene.  Our findings are consistent with these 

previous reports.  Of particular interest is that these findings suggest that HCFs and NHLFs 

will generally express less α-SMA and produce less collagen if introduced directly into 

decellularized ECM which is mechanically softer than intact tissue.  

 

Differential response of human cardiac and lung fibroblasts to decellularized ECM 

NHLFs cultured on ECM and fibronectin coatings expressed significantly more α-SMA than 

HCFs cultured under the same conditions. The higher expression of α-SMA expression in 

NHLFs typifies a myofibroblast or activated phenotype, in comparison to the quiescent 

HCFs. This suggests that NHLFs will be more contractile, more migratory and more likely to 

deposit ECM proteins than HCFs (83-85).   Several types of cells have been used to 

recellularize ECM, with varying levels of success, including smooth muscle, endothelial, and 
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fibroblast (22, 49, 86). However, few comparative studies have been performed to 

determine potential benefits of using tissue-specific cells to recellularize ECM. Here, we see 

that organ specific stromal cells have intrinsic differences in protein expression (i.e., α-

SMA) that may profoundly influence cell response during recellularization.  

 

Differential integrin expression of cardiac and lung fibroblasts  

We hypothesized that the differential expression of α-SMA by the lung and cardiac 

fibroblasts might be due to differences in the expression of cell surface integrins as these 

proteins interact directly with ECM proteins to impact protein expression and cell function 

such as migration (68, 69, 87).  In general, we found that the choice of ECM coating did not 

impact integrin expression; rather, we found significant differences in the expression of 

integrin β3 and β4 between the lung and cardiac fibroblast.   

 

Integrins are membrane-bound proteins that mediate cell-cell and cell-ECM interactions. 

They play a critical role in ECM maintenance and remodeling by transmitting signals from 

the ECM to regulate cell function. The β3 subunit, most commonly associated with αv, has 

been shown to regulate wound healing and re-epithelialization (69).  Expression of αvβ3 (a 

receptor for vitronectin and other ECM molecules) is elevated on several cell types 

involved in wound healing, including dermal fibroblasts. αvβ3 has been shown to regulate 

fibroblast phenotype, TGF-β receptor expression, and downstream TGF-β signaling. β4 

integrin subunits are usually found in α6β4, an integrin laminin receptor. α6β4 has been 

reported to play important roles in epithelial cell migration by mediating traction forces 

and signaling molecules. 
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Expression of integrin β3 inhibits α-SMA expression  

Higher levels of β3 and β4 integrins in HCFs, combined with their role in wound healing and 

cell migration, suggested that they may play a role in suppressing the expression of α-SMA. 

Functional blocking antibodies against β3 integrins, but not β4, in HCFs significantly 

increased α-SMA expression. Staining confirmed significantly higher α-SMA expression in 

HCFs after blocking the β3 integrin.  This result demonstrates that β3 expression can 

regulate α-SMA expression, and thus the myofibroblast phenotype.  In addition, this result 

suggests that tissue-specific fibroblasts may play an important role in organ-specific 

recellularization strategies. 

 

Fibroblast expression of COL1A and α-SMA has previously been shown to be strongly 

associated, resulting from myofibroblast differentiation and the fibrotic response (85, 88, 

89). However, we did not observe a correlation between COL1A and α-SMA in our study. In 

particular, COL1A expression was generally not higher in NHLFs cultured on stiffer 

substrates. This may have been due to the timescale of our experiments, since we 

measured COL1A and α-SMA expression 48 hours after seeding the fibroblasts.  Longer 

time points may result in elevated COL1A.  There may have also been other factors 

mediating COL1A expression beyond mechanical properties, such as structural features of 

the ECM. We previously demonstrated that different decellularization conditions can 

produce ECM with significantly different collagen and elastin structures (29). These 

structural features may play a role in regulating COL1A and α-SMA expression. 
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Conclusion 

 

Whole organ decellularization potentially offers an instructive matrix for the creation of 

engineered tissues. Studies have shown ECM can influence chemotaxis, direct cell 

differentiation and induce constructive host tissue remodeling; however, many 

decellularization protocols use damaging reagents, which produce ECM with a wide range 

of mechanical properties and protein composition.  Our results demonstrate that in 

addition to substrate stiffness, the source of fibroblast can significantly impact phenotype, 

and that the differential response is linked to β3 integrin expression.  We conclude that 

substrate stiffness, cell source and β3 integrin expression play important roles in 

controlling normal stromal cell function during recellularization.   
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CHAPTER 3: Summary and Conclusions 
 

Tissue engineering whole organs using ECM derived from whole organ decellularization 

will potentially offer an alternative to allogeneic transplantation for patients suffering from 

end-stage organ failure. ECM provides an instructive matrix, with physical and chemical 

cues that can enhance cell functionality and viability. However, decellularization is a 

damaging process that results in loss of ECM structure, protein content and mechanical 

integrity. Several groups have derived ECM with a wide range of stiffnesses, which can 

subsequently impact cell response during recellularization. Despite the important roles 

substrate stiffness and composition play in regulating cell behavior, the impact of 

decellularization on ECM structure and mechanics is not well understood. By determining 

the relationship between ECM structure and mechanical properties, we can tailor 

decellularization protocols to enhance cell response during recellularization. 

 

Imaging the structural proteins collagen and elastin will help improve our understanding of 

the relationship between ECM structure mechanical properties. In this work, we used MPM, 

combined with ICS, to non-invasively and non-destructively characterize structural and 

mechanical properties of the decellularized cardiac matrix. ICS amplitude of SHG collagen 

images and ICS ratio of TPF elastin images strongly correlated with compressive modulus. 

This showed that collagen fiber density and elastin fiber alignment dictate mechanical 

properties of the ECM. 
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MPM and ICS provide a method by which we can now non-invasively assess structural and 

mechanical changes in ECM during decellularization. This will enable groups to make real-

time comparisons between ECM scaffolds from different decellularization protocols, 

without removal of tissue for testing. Leaving the ECM intact by using an optical method of 

assessment will allow for a greater number of measurements and minimize damage to the 

tissue. The structural changes that occur during the entire process of decellularization are 

not well understood. A more thorough understanding of the impact that each 

decellularization reagent has on the ECM will help optimize decellularization protocols for 

each organ system. Decellularization reagents have been shown to be damaging to the ECM 

structure, and we have shown that overexposure of tissue to Trypsin during 

decellularization can result in loss of collagen structure and mechanical integrity. 

Therefore, careful timing and choice of reagents is necessary to maintain ECM structure 

and mechanical properties. 

 

Despite the continued progress in the field of whole organ recellularization since 2008, 

there remain many milestones that must be met before fully functional tissues can be 

created. Some of these milestones will require an improved understanding of cell-ECM 

interactions, such as fibrosis. Fibrosis has been shown to impact tissue function in 

recellularized ECM used as skin grafts, and it will likely present a challenge while 

recellularizing ECM for other organs. By studying the response of important stromal cell 

types such as fibroblasts to the ECM, we will be able to improve current recellularization 

strategies by optimizing cell-ECM interactions. 
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In this study, we cultured cardiac and lung fibroblasts on cardiac ECM, lung ECM and their 

components to determine the effect of substrate composition, tissue specificity and integrin 

expression on fibroblast phenotype. Collagen and α-SMA expression increased for stiffer 

substrates, and lung fibroblasts expressed significantly higher levels of α-SMA than cardiac 

fibroblasts. Higher expression of β3 and β4  integrins in cardiac fibroblasts suggested that 

integrin signaling may be responsible. Functional blocking antibodies against β3 integrins 

increased α-SMA expression in cardiac fibroblasts, but had no effect on lung fibroblasts. 

This result demonstrates that β3 plays an important role in regulating cardiac fibroblast 

phenotype. 

 

We have demonstrated that both cell source and ECM can impact stromal cell response to 

ECM. Traditionally, a tissue specific ECM is believed to be most suitable for promoting cell 

behavior. Previous work has demonstrated that native ECM can enhance cell maturation 

and differentiation. However, we have shown that there may be exceptions when cells from 

another source are more appropriate for recellularizing a particular organ. In the case that 

a less contractile phenotype is desirable, a cardiac fibroblast may be more appropriate than 

lung fibroblast when recellularizing lung ECM. This concept can apply when choosing a 

source for any cell types, given that many cell types have shown to have source-specific 

phenotype and gene expression. Furthermore, we have identified integrin expression as 

being an important mechanism that can regulate source-specific fibroblast response. This 

has demonstrated that integrin expression can be used to help identify a desirable 

phenotype by screening for the presence of β3 integrin, rather than directly testing all 

fibroblast-substrate combinations. However, integrin signaling is complex and there will 
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certainly be many non-integrin factors that regulate the cell response to ECM. Therefore, an 

improved understanding of integrin-mediated cell response to ECM will help identify 

integrins that can regulate cell phenotype. 

 

We have presented a non-invasive, non-destructive method to assess the ECM structure 

and mechanical properties using MPM imaging and ICS analysis. Our findings show that 

ECM stiffness strongly correlates with collagen fiber density and elastin alignment in the 

ECM following decellularization, which can potentially impact fibroblast collagen and α-

SMA expression during recellularization. Furthermore, differential expression of β3 

integrins in organ-specific fibroblasts impacts α-SMA expression suggesting that both 

stromal cell source and ECM structure can impact the remodeling response during 

recellularization. 

 

A non-invasive method for assessing structural and mechanical changes in the ECM during 

decellularization will help make quantitative comparisons between different 

decellularization techniques and their effectiveness. By taking more measurements, non-

destructively we can more accurately track the specific impact of each decellularization 

reagent. From this, decellularization protocols can be optimized to fit the needs of each 

organ system. Furthermore, the impact of substrate stiffness on fibroblast phenotype 

emphasizes the importance of careful timing during decellularization. 

 

We also showed that fibroblast source played an equally important role in regulating cell 

response to the ECM. Source-specific differences in cell response demonstrate that there 
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can be advantages of using cells from a particular source to recellularize an organ. Source-

specific fibroblast integrin expression also regulates cell phenotype, and may help identify 

cells with desirable characteristics. 

 

Decellularization and recellularization of whole organs are promising solutions to help 

alleviate the need for donor organs. ECM recellularized with selected cell populations 

potentially offers an alternative to allogeneic transplantation for patients afflicted with 

end-stage organ failure. However, we are still far from recapitulating complex organ 

function. These constructs lack functionality, intact vascular networks and large animal 

studies are still required. Nevertheless, a tremendous amount of progress has been made 

since the creation of the first whole-heart construct in 2008.  
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APPENDIX A 
 

TGF-β 50ng/mL TGF-β 
TNF-α 100ng/mL TNF-α 
coll coat  1mg/mL type 1 collagen in 0.1M acetic acid for 1 hour at 37 C 
FN coat Coated at 25µg/mL fibronectin for 1 hour at 37 C 
LECM1 coat Porcine lung tissue decellularized by 1% sodium docecyl sulfate for 4-

5 days, rinsed with Triton X-100 for 30 min, and deionized water 
overnight. Then milled into a fine powder, digested in pepsin and 
coated at 1mg/mL in 0.1M acetic acid for 1 hour at 37 C 

CECM1 coat Porcine ventricular tissue decellularized by 1% sodium docecyl 
sulfate for 4-5 days, rinsed with Triton X-100 for 30 min, and 
deionized water overnight. Then milled into a fine powder, digested 
in pepsin and coated at 1mg/mL in 0.1M acetic acid for 1 hour at 37 C 

CECM2 coat Porcine ventricular tissue decellularized by 0.02% Trypsin/0.05% 
EDTA/0.05% NaN3 for 1 day and 3% Triton X-100/0.05% 
EDTA/0.05% NaN3 for 6 days. Desiccated, reduced to powder, treated 
with pepsin for 4 days, and coated at 1mg/mL in 0.1M acetic acid for 1 
hour at 37 C 

CECM3 coat Porcine ventricular tissue decellularized by 0.02% Trypsin/0.05% 
EDTA/0.05% NaN3 for 3 days and 3% Triton X-100/0.05% 
EDTA/0.05% NaN3 for 4 days. Desiccated, reduced to powder, treated 
with pepsin for 4 days, and coated at 1mg/mL in 0.1M acetic acid for 1 
hour at 37 C 

coll gel 10mg/mL type 1 collagen at pH 8.5 (2mL gel) for 1 hour at 37 C 
CECM1 intact Porcine ventricular tissue decellularized by 0.02% Trypsin/0.05% 

EDTA/0.05% NaN3 for 1 day and 3% Triton X-100/0.05% 
EDTA/0.05% NaN3 for 6 days 

CECM2 intact Porcine ventricular tissue decellularized by 0.02% Trypsin/0.05% 
EDTA/0.05% NaN3 for 3 days and 3% Triton X-100/0.05% 
EDTA/0.05% NaN3 for 4 days 

  
Table A.1: Conditions 
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FIG A.1: Compressive modulus of acellular gels and C-ECM samples, measured via 

indentation testing. 

 

 
 
FIG A.2: GFP Human collagen 1 promoter reporter and constitutively expressed mCherry 

non-viral plasmids co-transfected into NHLFs and HCFs. The ratio of GFP to mCherry 

fluorescence was measured on a per cell basis using ImageJ and normalized to untreated 

fibroblasts. 

 




