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ABSTRACT 

 

Roles of Cell Junctions and the Cytoskeleton in Substrate-free Cell Sheet Engineering 

Qi Wei 

 

In multicellular organisms, one-cell-thick monolayer sheets are the simplest tissues, yet 

they play crucial roles in physiology and tissue engineering. Cells within these sheets are tightly 

connected to each other through specialized cell-adhesion molecules that typically cluster into in 

discrete patches called cell-cell junctions. Working together, these junctional organelles glue 

cells to their neighbors and integrate the cytoskeletons into a mechanical syncytium. Human 

bodies offer many vivid illustration of how a cell sheet physiology changes considerably during 

development and diseases, as shown in epidermal blistering and certain cardiomyopathy, which 

requires it to be mechanically durable and capable of transducing a variety of mechanical signals. 

Despite the extensive molecular and clinical work on cell junctions, relevant in vitro 

experimental data are often masked by cell-substrate interactions due to a lack of suitable 

experimental methods. It is therefore important to develop novel in vitro methods for 

characterizing how junctional proteins, as well as tightly associated cytoskeletal proteins, may 

modulate various cellular behaviors, such as viability and apoptosis, cell-cell adhesiveness and 

tissue integrity. 

Control over cell viability is a fundamental property underlying numerous physiological 

processes. Cell-cell contact is likely to play a significant role in regulating cell vitality, but its 



 
 

function is easily masked by cell-substrate interactions, thus remains incompletely characterized. 

In the first part of the thesis, we developed an enzyme-based whole cell sheet lifting method and 

generated substrate- and scaffold-free keratinocyte (N/TERT-1) cell sheets. Cells within the 

suspended cell sheets have persisting intercellular contacts and remain viable, in contrast to 

trypsinized cells suspended without either cell-cell or cell-substrate contact, which underwent 

apoptosis at high rates. Suppression of junctional protein plakoglobin weakened cell-cell 

adhesion in cell sheets and suppressed apoptosis in suspended, trypsinized cells. These results 

demonstrate that cell-cell contact may be a fundamental control mechanism governing cell 

viability and that the plakoglobin is a key regulator of this process. The study also lays 

groundwork for future characterization and manipulation of viable cell sheets for cell sheet 

engineering purpose. 

Cell sheet engineering, characterized by non-invasive harvest of cultured cell monolayer 

as a scaffold-free sheet, was recently developed. Particularly, cell sheet engineering based 

cardiac tissue engineering has emerged as an alternative method for the repair of damaged heart 

tissue. Such an engineered cell sheet offers a new way to study cell junctions when substrate 

interactions are no longer dominant. While this method is promising, it is limited by the fragility 

and shrinkage of the sheets as well as the lack of information regarding the characteristics of 

such sheets. In this part of the thesis we pursued two related research projects by developing a 

novel partial-lift method to generate strong, unshrunk substrate-free and scaffold-free cell sheets, 

first using skin cells and then further refined and expanded it to cardiac cells primarily due to the 

ease with which they can be manipulated, their similarities in cell junctions and potential clinical 

applications. These partially-lifted cell sheets engage primarily in cell-cell interactions, yet are 

amenable to biological and chemical perturbations and, importantly, mechanical conditioning. 



 
 

This simple yet powerful tool was then deployed to test the hypothesis that the lifted cells would 

exhibit substantial reinforcement of key cytoskeletal and junctional components at cell-cell 

contacts, and that such reinforcement would be enhanced by mechanical conditioning. Results 

further demonstrate that the mechanical strength and cohesion of the substrate-free cell sheets 

strongly depend on integrity of the actomyosin cytoskeleton and junctional protein plakoglobin. 

Moreover, our results showed dissociating cell-substrate interactions and implementing 

mechanical conditioning could enhance contraction, calcium signaling, alter viscoelastic 

property, and thus improve the functional cell-cell coupling in the cardiac sheets. 

In sum, this thesis represents a first systematic examination of junctional regulating of 

cell viability and mechanical conditioning on cells with primarily cell-cell interactions. The 

information gained from this study will help advance our understanding of cell-cell interactions 

and improve cell sheets biomechanical properties. For tissue engineering purpose, our dispase-

based partial-lift cell sheet harvesting method has the advantage of being biocompatible, easily 

applicable, rapidly collectable and stretchable, compared to currently available techniques. This 

simple yet powerful partial lift technique has enormous potential for fabricating clinically 

applicable skin and cardiac tissues. 
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Chapter 1 Introduction 

1.1 The structure and composition of cell junctions 

In multicellular organisms, both cell–cell and cell–matrix adhesion are vital for the formation, 

composition, architecture, and function of tissues. However, significant pathways involved in 

tissue integrity and function are determined to a large part by adhesion and communication 

between individual cells, which are in turn mediated by cell junctions [1-7]. Recent studies 

provided much insight into the molecular composition and structure of cell junctions, and 

investigators are starting to understand the underlying mechanisms of their diverse functions [8-

17]. This introduction chapter briefly reviews the basic classification of cell-cell junctional 

structures and some of their representative proteins. Their roles in development, disease and 

signaling are briefly outlined, followed by a section on contemporary methods for probing cell-

cell interactions and some recent developments. For more details, please refer to the IRCMB 

review article we recently published [13].  

In vertebrates, cell-cell junctions can be classified into four functional classes: (1) 

adherens junctions and (2) desmosomes, which mechanically link cells by bridging the 

cytoskeleton of adjacent cells, (3) communicating junctions, or gap junctions, which chemically 

and electrically couple neighboring cells, and (4) occluding junctions, or tight junctions, which 

are essential for establishing barrier function across a cell layer [18-28]. Working together, these 

four cell junctional classes play vital roles in development, health and disease [8,29-32] (Figure 

1.1).  

Cell-cell interactions drive numerous physiological processes and help enable 

coordinated functioning in multicellular organisms [7,33]. Many cell-cell interactions have not 

http://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5054/
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been well-characterized, partially because much work was devoted to examining cell-matrix 

interactions, and partially because studying cell-cell associations comes with a long list of 

challenges. First, cell-cell associations are generally more geometrically complex. Second, 

various extracellular matrices are readily isolated or purchased, while cell-cell junctions rely 

more on specific receptor-receptor interactions, which in turn rely on expensive antibodies or 

purified receptors. Finally, effects of cell-cell interactions are very difficult to isolate from cell-

substrate interactions in adherent cells. The reverse is a bit simpler – some cell models can work 

with sparsely plated cells. But generating consistent cell culture conditions where cell-cell 

interactions dominate is not always a simple matter. 

 As a result of these and other challenges, insights into cell-cell interactions have been 

somewhat slow in coming. While we can now generate artificial scaffolds of various materials, 

geometries/patterns, adhesion molecules and mechanical properties (e.g., stiffness), there are few 

analogous tools for cell junctional studies [34-42]. However, with the recent development of 

more advanced methods, the critical role of cell-cell junctional proteins in regulating various cell 

processes is rapidly becoming more appreciated [37,43].  
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Figure 1. 1 The four main cell junctional classes. 

From apex to base are the (1) adherens junctions, which serve as actin anchors, (2) desmosomes, 

which serve as intermediate filaments anchors, (3) tight junctions, which are selective 

permeability barriers, and (4) gap junctions, which function as electrical and chemical couplers 

for adjacent cells [13]. 

 

1.2 Cell junctions in development and diseases 

Development of any multicellular organism is likely impossible without precisely regulated cell-

cell adhesion. Many developmental processes, including embryonic compaction and cell fate 

determination, are guided by a dynamic balance dependent on intercellular junctions, mechanical 

stresses and the cytoskeleton [31,44]. Tissue morphogenesis and organogenesis post early 
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development require a constant and precisely executed remodeling of cell junctions. This process 

is accompanied by dramatic cytoskeletal remodeling that facilitates the changes in cell shape and 

motility [44]. To some extent, embryonic morphogenesis results largely from epithelial sheet 

stretching, contraction, migration and deformation [31]. The mechanical forces generated by 

dynamic rearrangements of cell junctions and the cytoskeleton thereby facilitate the 

morphological changes that transform flat cell sheets into three dimensional structures [44]. 

The coordinated control of cell junctions by various signaling pathways plays an essential 

role in human health and disease. Observations from a variety of studies, including naturally 

occurring and engineered mutations, through animal models and in vitro experiments, provide 

valuable information about the critical functions of cell junctions and associated diseases. In 

recent years, a large number of naturally occurring human mutations have been reported in genes 

that encode components of the four major cell junctional classes. Defects in those junctional 

proteins have been linked to various inherited disorders, including skin and hair disorders, 

cardiomyopathies, sensory defects, psychiatric disorders and cancers [45-49]. These genetic 

disorders also provide valuable insight for investigating the relative contributions of mechanical 

stress response and signaling pathways to the pathogenic process. A comprehensive, timely 

compendium of human genes and genetic disorders can be found at Online Mendelian 

Inheritance in Man (OMIM) [50,51]. 

Of the four major cell junctional classes, desmosomes are expressed in many cells, with 

considerable interest in their role in epidermal and cardiac disease [52]. Mutations were 

identified in many desmosomal components [53]. Collectively, these mutations demonstrate the 

important role of desmosomal proteins in skin, hair, and cardiac function. Many mutations in 

desmosomal components are associated with both dominant and recessive disorders [45]. 
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Additionally, desmosomal cadherins are also the target of some auto-immune and infectious 

diseases, such as pemphigus vulgaris and pemphigus foliaceus [54-58].  

Plakoglobin-deficient transgenic mice exhibit severe cardiac defects and skin fragility 

[59]. Mutations in the human plakoglobin gene have been found to be the cause of diseases such 

as Naxos disease, an autosomal-recessive disorder involving heart, skin, and hair abnormalities 

[60]. Further, mutations in plakoglobin, along with many other desmosomal genes, are 

implicated in arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) [61]. The 

characteristic pathological hallmark of ARVD/C is fibrofatty replacement of healthy cardiac 

tissue, with myocyte apoptosis and cardiac rhythm dysfunction [62]. Though the exact 

mechanism remains elusive, it has been hypothesized that the mutations could affect the structure 

and distribution of cell junctional proteins, and interferes with canonical Wnt/β-catenin signaling 

pathway (Figure 1.2). In support of this hypothesis, nuclear localization of plakoglobin was 

shown to inhibit Wnt/β-catenin signaling, ultimately leading to apoptosis [11,63]. Of 

considerable interest in researching this condition is the clarification of the mechanism 

underlying disease progression, including its apparently variable penetrance and the potential 

influence of mechanical stresses in modulating the condition. 
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Figure 1. 2 Plakoglobin may participate in the Wnt/β-catenin signaling pathway to regulate 

signaling and apoptosis.  

(A) A simplified model of the canonical Wnt/β-catenin pathway shows that normally, Wnt 

signaling leads to β-catenin translocation into the nucleus, where it acts in conjunction with 

TCF/LEF to activate specific target genes. In contrast, plakoglobin is normally confined to the 

desmosomes and adherens junctions. (B) When cell-cell junctional structures are disrupted, 

plakoglobin translocates into the nucleus, where it displaces β-catenin. The plakoglobin-

TCF/LEF complex ultimately results in cell apoptosis through mechanisms that are yet to be 

elucidated [13].  
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1.3 Cell junctions and the cytoskeleton in signaling 

In addition to their structural functions, it is becoming increasingly clear that components of the 

cell junctions also possess diverse signaling capabilities. Recent evident suggests that their dual 

function may facilitate changes in cellular morphology and gene expression [44]. Indeed, the 

adhesive properties themselves may facilitate intercellular signaling pathways by bridging the 

opposing membranes of neighboring cells. Furthermore, many junctional proteins, such as β-

catenin, plakoglobin and plakophilin have been reported to localize in the nucleus of cells [64-

68]. Although their nuclear functions remain incompletely resolved, the widespread nuclear 

expression of these proteins has led to the hypothesis that they may be involved in certain 

transcriptional and signaling machinery.  

Connections between cell junctions and the cytoskeleton profoundly influence cell 

structure and function. Of the three major cytoskeletal components (actin, microtubules and 

intermediate filaments), actin plays what may be considered the most prominent role in the 

regulation of cell-cell contacts, by sustaining the cross-junctional force balance, which 

subsequently determines cell-cell contact patterns. Reciprocally, by providing a powerful 

mechanical coupling between the actin network of adjacent cells, the cadherin-catenin complex 

integrates intracellular and intercellular forces across developing tissues [32]. The desmosome-

intermediate filament network helps distribute mechanical stresses throughout the embryonic 

tissues and contribute to the regulation of  intercellular adhesion and tissue integrity [48]. Cell 

junctions also depend on the presence of the microtubules, which facilitates transportation of key 
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proteins (such as classic and desmosomal cadherins and associated armadillo proteins), to the 

plasma membrane [69,70].  

Mechanotransduction refers to the process of converting mechanical forces into 

biochemical signaling responses, which requires the integrity of cell junction (and cell-

extracellular matrix)- cytoskeletal associations [8,9,11,29,71]. Of particular interest here are the 

studies of a kinetic organ- the heart. The morphology of heart changes considerably during 

development and disease, via either adaptive or maladaptive remodeling that requires 

cardiomyocytes to be mechanically durable and biologically capable of transducing a variety of 

environmental signals [72]. During these remodeling processes, the cytoskeleton plays a pivotal 

role in both sensing mechanical signals and mediating structural remodeling and functional 

responses within the cardiomyocytes. Studies have demonstrated that junctional cadherins 

facilitate the bi-directional transmission of cytoskeletal tension between cells, function as 

mechanosensors by actively remodeling the cytoskeleton and reinforcing cell–cell junctions in 

response to tugging forces [73,74]. However, the mechanism of mechanosensing remains 

unknown. Moreover, besides neighboring cells, cytoskeletal architecture is sensitive to many 

factors in the extracellular microenvironment, such as cell shape, ECM component, stiffness and 

topology [72]. Notably all previous studies were performed in conventional adherent cell culture 

models which maintain cell-substrate interactions and as a result, may introduce noise into the 

readouts. From a cell junction perspective, it would be interested to see how the cytoskeleton 

senses mechanical signals and mediates structural remodeling without the interference from cell-

substrate interactions.  
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1.4 Techniques for studying cell junctions 

Many conventional molecular biology methods were deployed to examine junctional regulation 

of cell behavior. These include transfection, immunoblotting (western blotting), cell tracking for 

migration, wound healing, cell-substrate adhesion assays, and immunofluorescence staining. For 

studies focusing on junctions in particular, however, investigators have had to develop some new 

approaches to more precisely characterize cellular properties. 

 A measure of how junctional proteins may respond to external stimuli can be acquired by 

quantifying the fluorescence signal for an immunofluorescently stained sample. This 

measurement was used to demonstrate increases in gap junction and desmosomal proteins in 

various cell types in response to applied cyclic stretch [75,76]. Measurement of forces generated 

across cell junctions required an adaptation of classical traction-force microscopy by including a 

constraint regarding the total force in a region of cells. Using this constraint, Trepat et al 

demonstrated that cell-cell forces are not uniform in confluent patches of cells; rather there are 

focal locations of high cell-cell forces, apparently near the edges of cell “islands,” with a mostly-

low force interior [77]. Micropatterning, expanding from its ability to shape individual cells, is 

now being used to shape small groups of contacting cells, whether to precisely control the 

contacting geometry or to arrange the type of contacting cells, such as for heterotypic 

interactions [78]. Recently, the use of micropillars has given rise to precise studies of cell-cell 

forces in cell pairs [74] or in cells that are exposed to external mechanical stimuli [79]. 

 One of the most vexing problems in examining cell-cell interactions is to precisely 

measure the adhesion force between contacting cells – that is, the amount of force necessary to 

separate adjacent cells – in the cells’ natural environment. Three common techniques to 
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approximate this measurement are double micropipette aspiration [80], cell aggregate assays, and 

cell sheet assays. Double micropipette aspiration relies on partially aspirating a cell in each of 

two pipettes, allowing the cells to contact, and then aspirating one of the cells to separate them. 

Cell aggregate assays rely on use of a hanging drop culture to generate a small cluster of cells 

which do not adhere to a substrate, which are then collected and sheared, often by pipetting or 

vortexing, to measure aggregate cohesion strength [81,82]. Cell sheet assays use confluent 

monolayers of cells. In most cases, the monolayer is dissociated from the surface using 

enzymatic compounds like dispase and then sheared [11,82]. Alternative methods of dissociating 

the monolayer, such as thermo-responsive polymers or soluble matrix could also be used [83,84] 

(Figure 1.3). A deform-drag method may be used to assess the relative strength of cell-cell to 

cell-matrix adhesion, although it appears to be best applied to cell types having modest cell-

matrix adhesion strength [76]. 

 One main advantage of using cell sheet assays in contrast to cell aggregate assays is that 

in the case of the former, the cells are plated normally until immediately prior to the assay. While 

use of hanging drops or micropipette aspiration is not without advantages, the fact that the cells 

remain in suspension for extended times may lead to changes in baseline behavior, which may in 

turn affect adhesion readouts, for normally adherent cells.  In the case of micropipette aspiration, 

a clear readout of the actual adhesion forces is not always easily obtainable, although there are 

mathematical models that can be used to help provide some estimates. Use of micropipettes that 

flex can lead to more direct extraction of forces using the beam equation, although plating cells 

on the tips can be challenging. Alternative methods are being developed. For example, “teethed” 

plates that can be separated after cells attach may eventually lead to force quantification [85]. 
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 Another challenge is to determine the role of junctional proteins when cell-cell contact is 

the dominant mechanism by which the cell receives information regarding the environment. 

There appears to be some evidence that cells need force generation to thrive; when the substrate 

is too soft, for example, cells will tend to cluster and form cellular networks that they otherwise 

wouldn’t on stiffer substrates [86]. Thus it would appear that the machinery for cellular 

regulation by junctional proteins is extant but is usually attenuated by cell-substrate interactions. 

Indeed, the balance between cell-cell and cell-substrate forces can be considered to be regulated 

together, perhaps by one unifying mechanism [87].  Consider that the matrix within an organism 

is generally self-generated; thus there may be promise in engineering cells in the absence of 

external substrates [11], since cell-substrate contact is not necessary for cell survival. 

 Another approach to examine the properties of cell-cell interactions uses a substrate 

coated with a cell-cell adhesion molecule and either a cell or another object coated with a cell-

cell adhesion molecule. Such studies have the advantage that a particular protein (usually a 

receptor) is targeted but the results are likewise limited to that single interaction. Such studies 

have been done using atomic force microscopy and micropillars [13,88,89].  

 

1.5 Cell sheet based cardiac tissue engineering for heart repair 

Heart disease, including myocardial infarction (MI) and congestive heart failure (CHF),  is 

currently the leading cause of death in the USA and is rapidly becoming one of the leading 

causes of global mortality [90,91]. Both MI and CHF are characterized by cardiac muscle 

damage caused by massive cardiomyocyte death and reduced cardiac function. Though recent 

studies have demonstrated that there is a limited regeneration potential in the adult heart, the 
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turnover capability of the heart itself after MI cannot compensate for the loss of large-scale tissue 

and contractile function [92,93]. Many therapies, including various pharmaceuticals and surgical 

interventions, have been developed to slow down the progression to heart failure; however, these 

treatments do not restore contractile function to the affected heart tissue [94] and can only 

increase the patient’s  life expectancy of heart failure patients by a few years [95]. Ultimately, 

heart transplantation is the gold standard for treating CHF [96]. Unfortunately, the benefits of 

heart transplantation are limited by the growing donor scarcity and further complicated by the 

need for lifelong immunosuppressant therapy [97,98]. Consequently, there exists a need for 

alternative strategies.  

Cellular therapy aiming to use cells to regenerate new cardiomyocytes and improve 

cardiac function has emerged as a promising alternative therapeutic option for heart diseases [99]. 

Two common strategies are currently being pursued, including in situ cellular cardiomyoplasty 

and cardiac tissue engineering. The in situ cellular cardiomyoplasty strategy directly delivers or 

injects cells directly into the post-myocardial infarction heart [100,101]. Though several clinical 

trials demonstrate statistically significant improvement in heart function, this improvement is 

often not clinically relevant and the functional benefit is mostly transient [102,103]. Many 

hurdles remain including cell retention, survival of the engrafted cells, cell differentiation, 

immune rejection and integration of transplanted cells with host tissue.  

An alternate strategy is cardiac tissue engineering, which aims to create functional tissue 

constructs that can reestablish the structure and function of injured cardiomyocytes. Generally 

speaking, the technique uses a combination of cells and three-dimensional biomaterials/scaffolds 

in highly controllable environments, such as a bioreactor with proper biophysical stimulation, 

which can mediate cell differentiation and functional assembly (Figure 1.3) [84,99,104-107]. The 
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use of tissue engineering techniques results in improved cell retention over in situ cellular 

cardiomyoplasty and generates cardiac tissue through control of the in vitro culture conditions. 

Some common cardiac tissue engineering approaches currently being pursued include in situ 

delivering cells entrapped in injectable biomaterials into the infarcted heart, in vitro engineering 

of stem cell- seeded tissue constructs, in vitro engineering of cardiac tissue constructs followed 

by in vivo implantation, and cell sheet tissue engineering [108]. More recently, cardiac cell sheet 

tissue engineering has attracted considerable interest (Figure 1.4) [109,110]. This technique 

allows cultured cells to detach from temperature-responsive substrates without the disruption of 

intercellular junctions that are critical for myocardial function. Furthermore, cell sheet 

engineering permits the development of simple cardiac tissues without the use of biomaterial 

scaffolds. However, to date, cardiac sheets generated for tissue engineering purposes are fragile. 

It is not currently known whether the scaffold-free cardiac tissues could withstand the persistent 

mechanical stresses required to function as cardiac muscle. Mechanical stimulation has been 

demonstrated as an attractive strategy for the tissue engineering of functional cardiac tissues 

[111-115]. It would be interesting to see if subjecting the scaffold-free 2D cell sheets to 

mechanical stretch would also induce hypertrophic changes in overall gene expression and 

benefit the functional cell-cell coupling in cardiac sheets. Notably all previous studies were 

performed using conventional adherent cell models which maintain cell-substrate interactions 

and as a result, may introduce mixed responses into the readouts. A suitable experimental 

method for mechanical conditioning, characterizing and improving cardiac sheet biomechanical 

properties, in the absence of cell-substrate interactions, is still lacking. 
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Figure 1. 3 Current cardiac tissue engineering approaches.   

Several approaches have been used to generate 3D cardiac patches in vitro, including scaffold-

free stackable 2D cell sheets and 3D constructs in or on scaffold biomaterials. The bioreactor 

provides environmental control and biophysical stimulation (such as electrical excitation, 

mechanical stretch, and electrical stimulation) to these 2D or 3D constructs. The resulting 

engineered cardiac tissue constructs can be used to reestablish the structure and function of 

injured myocardium (in vivo); moreover, they can also serve as high-fidelity models for studies 

of cardiac development, disease modeling and drug testing (in vitro). Adapted from [107]. 
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Figure 1. 4 Nanotechnology-based cell sheet engineering as a platform technology for 

regenerative medicine. 

Researchers have developed “cell sheet engineering” by utilizing nanotechnology-based 

temperature-responsive culture dishes. Such cell sheets have been generated for a wide variety of 

laminar tissues, such as skin, heart, corneal and renal components. Adapted from [36]. 

 

1.6 Overview of the thesis 

In multicellular organisms, one-cell-thick monolayer sheets are the simplest tissues, yet they play 

crucial roles in physiology and tissue engineering [116-119]. Cells within these sheets are tightly 

attached to each other through cell-cell junctions. Cell sheet engineering is a new area of 

research that focuses on characterizing how cells respond when substrate interactions are limited 

or eliminated [43]. Such an engineered cell sheet offers an unprecedented way to study cell 
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junctions when substrate interactions are no longer dominant. While this method is promising, it 

is limited by the fragility and shrinkage of the sheets as well as the lack of information regarding 

the characteristics of such sheets. It is therefore important to develop and apply novel in vitro 

methods for characterizing how junctional proteins may modulate cellular responses, such as 

apoptosis and viability, cell sheet biomechanics and tissue integrity [120-122]. 

The framework of this thesis consists of three major projects:  

The study presented in Project 1 (Chapter 2) developed an enzyme-based cell sheet 

engineering technique and study of how cell junctional proteins regulate cell apoptosis and 

viability. Keratinocytes were used in this study primarily due to the ease with which they can be 

manipulated and their especially abundant cell junctions. This study also lays groundwork for 

future characterization of viable engineered cell sheets. 

The study presented in Project 2 (Chapter 3) explores a novel strategy to generate 

partially-lifted cell sheets that are amenable to biological and chemical perturbations, and more 

importantly, mechanical conditioning and characterization. The partial-lift technique was first 

applied to keratinocyte. How cell junctional proteins regulate cell sheet biomechanics and tissue 

integrity were examined. This study also provide a solid foundation for extend partial-lifting 

technique to cardiac sheet engineering due to existing similar junctional structures between 

epidermal and cardiac tissues. 

The study presented in Project 3 (Chapter 4) refined the partial-lift technique and adapted 

it for cardiac cells. Moreover, we characterized microrheology, contraction and calcium 

signaling of the cardiac cell sheets, which are critical for their potential clinical applications. 
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1.6.1 Project 1: United We Stand: cell-cell contact preserves cell viability 

Control over cell viability is a fundamental property underlying numerous physiological 

processes. Cell spreading on a substrate was previously demonstrated to be a major factor in 

determining the viability of individual cells [6]. In multicellular organisms, cell-cell contact is 

likely to play a significant role in regulating cell vitality, but cell-cell signaling is easily masked 

by generally and difficult to isolate from cell-substrate interactions, thus remains incompletely 

characterized. Whether adhesion to other cells is important to cell viability is the central question 

of this study. 

We show that suspended immortalized human keratinocytes cell sheets with persisting 

intercellular contacts exhibited significant contraction, junctional actin localization, and 

reinforcement of cell-cell adhesion strength. Further, cells within these sheets remain viable, in 

contrast to trypsinized cells suspended without either cell-cell or cell-substrate contact, which 

underwent apoptosis at high rates. Suppression of plakoglobin weakened cell-cell adhesion in 

cell sheets and suppressed apoptosis in suspended, trypsinized cells. These results demonstrate 

that cell-cell contact may be fundamental control mechanism governing cell viability and that the 

junctional protein plakoglobin is a key regulator of this process. Given the near-ubiquity of 

plakoglobin in multicellular organisms, these findings could have significant implications for 

understanding cell adhesion, modeling disease progression, developing therapeutics and 

improving the viability of tissue engineering protocols. These results provide a solid foundation 

for future characterization and manipulation of viable cell sheets for cell sheet engineering 

purpose. 
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1.6.2 Project 2: Characterization of partially-lifted keratinocyte cell sheets 

In this part of the thesis we developed a novel method to generate partially lifted substrate-free 

and scaffold-free keratinocyte cell sheets.  

There is a need to characterize biomechanical cell-cell interactions, but due to a lack of 

suitable experimental methods, relevant in vitro experimental data are often masked by cell-

substrate interactions. This study describes a novel method to generate partially-lifted substrate-

free cell sheets which engage primarily in cell-cell interactions, yet are amenable to biological 

and chemical perturbations and, importantly, mechanical conditioning and characterization. A 

PDMS mold is used to isolate a patch of cells, and the patch is then enzymatically lifted. The 

cells outside the gasket remain attached, creating a partially-lifted cell sheet. This simple yet 

powerful tool enables the simultaneous examination of lifted and adherent cells. This tool was 

then deployed to test the hypothesis that the lifted cells would exhibit substantial reinforcement 

of key cytoskeletal and junctional components at cell-cell junctions, and that such reinforcement 

would be enhanced by mechanical conditioning. Results demonstrate that the mechanical 

strength and cohesion of the substrate-free cell sheets strongly depend on integrity of the 

actomyosin cytoskeleton and the cell-cell junctional protein plakoglobin. Both actin and 

plakoglobin are significantly reinforced at junctions with mechanical conditioning. These results 

represent a first systematic examination of mechanical conditioning and the cytoskeleton on cells 

with primarily intercellular interactions. 
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1.6.3 Project 3: Characterization of partially-lifted cardiomyocyte cell sheets 

Cardiac cell sheet tissue engineering has recently emerged as a promising alternative therapeutic 

option for heart diseases [109,110]. However, these scaffold-free cardiac sheets are fragile and it 

remains to be seen whether they could withstand mechanical forces required to function as 

cardiac muscle. Further, these cardiac sheets shrink significantly after detached from substrates 

and thus impairs their ability to provide sufficient coverage in the cardiac tissues being repaired. 

Mechanical stretch has been utilized to improve the functionality of engineered myocardial 

tissues in vitro [75,123,124]. Notably, however, all previous studies were performed using the 

conventional adherent cell models which maintain cell-substrate interactions and as a result, may 

introduce mixed responses into the readouts. A suitable experimental method for mechanical 

conditioning, characterizing and improving cardiac sheet biomechanical properties, in the 

absence of cell-substrate interactions, is still lacking. 

In this part of thesis we further refined the partial-lift technique originally developed in 

skin cells and expanded it to cardiac cells primarily due to the ease with which they can be 

manipulated, their similarities in cell junctions and potential clinical applications. Results show 

that lifted cardiac cells exhibit changes to the distribution of cytoskeletal and junctional proteins, 

with reinforcement occurring at cell-cell junctions, and that such reinforcement is enhanced by 

mechanical conditioning. Further results demonstrate that the mechanical strength and cohesion 

of the substrate-free cell sheets strongly depend on integrity of the actin cytoskeleton and the cell 

junctional protein plakoglobin. Moreover, we characterized the properties of the cardiac cell sheet 

using microrheology, contraction and calcium signaling assays, to assess their potential for 
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clinical applications. Direct experimental investigations on cardiac cell sheets without 

interference of cell-substrate interactions will greatly enhance our understanding of cell-cell 

interactions and improve cardiac cell sheets mechanical properties. For tissue engineering 

purpose, our dispase-based partial-lift cell sheet harvesting method has the advantage of being 

biocompatible, easily applicable, rapidly collectable and stretchable, compared to currently 

available techniques. This simple yet powerful partial lift technique has enormous potential for 

fabricating clinically applicable cardiac tissues. 
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Chapter 2 Cell-cell contact preserves cell viability via plakoglobin 

2.1 Introduction 

Cell-cell interactions, which occur via specialized adhesion structures in cell junctions, regulate a 

variety of functions in multicellular organisms, including differentiation, barrier formation, tissue 

function and signal transduction [8,9]. Despite these critical roles, cell-cell signaling is generally 

difficult to isolate from cell-substrate interactions, with the result that the latter has been studied 

more extensively. For example, many studies demonstrate that cell membrane receptors that 

mediate cell adhesion to the extracellular matrix (ECM) play a central role in sensing external 

mechanical stimuli, such as fluid shear stress, and transduce these signals into downstream 

intracellular changes [2-5,10]. One key finding is that cell viability is controlled via geometric 

factors, being dependent on cell spreading but not contact area per se [6].  Thus, cell-substrate 

adhesion is one critical regulator of cell life.  Whether adhesion to other cells is important is the 

central question of this study. 

Recent work has emphasized the multiple critical roles that cell-cell junctional proteins 

play in regulating the various facets of development, life and disease.  For example, recent 

studies in arrhythmogenic right ventricular cardiomyopathy (ARVC) demonstrate that mutations 

in desmosomal proteins are thought to lead to alterations in cardiac and sometimes, dermal 

tissues. In particular, nuclear localization of the desmosomal protein plakoglobin is thought to 

lead to apoptosis [63], suggesting a role for junctional proteins in establishing or maintaining cell 

vitality.   

The exact role of cell junctions and the relative impact of cell-substrate versus cell-cell 

interactions in preserving cell life remain unclear.  In particular, it is clear that cells can, at least 
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transiently, remain viable when plated sparsely (maintaining cell-substrate contact with 

spreading but having minimal or no cell-cell contact). However, normal culture conditions 

typically rely on establishing cell-cell contact and in fact, some cells are not viable when lacking 

cell-cell contact, even when appropriate substrate is plentiful [125].  We hypothesize that cell-

cell contact is a fundamental regulator of cell viability, and based on ARVC-related observations, 

we propose that plakoglobin is a key regulator of cell-cell based viability. That is, when cells are 

in contact with each other, plakoglobin normally resides at the junctions. When junctions are 

disrupted, plakoglobin is no longer junctional and cell apoptosis will increase. Determining this 

has been difficult because regulation of plakoglobin has, up to date, mostly been studied in 

adherent cells with protein mutation models, which maintains cell-substrate interactions and as a 

result, may introduce noise into the readouts.  

To test our hypothesis, we strategically divided immortalized human keratinocytes into 

three treatment groups: (1) control, which were cells with both cell-cell and cell substrate 

contacts; (2) dispase-lifted, which were cells suspended as an intact cell sheet, so that cells 

maintained cell-cell contact but lost cell-substrate contact, and (3) trypsinized, which were cells 

that were trypsinized and maintained in suspension dishes as single cells so that the cells had 

neither cell-cell nor cell-substrate contact. We characterize dispase-lifted cells that maintain cell-

cell, but not cell-substrate, contact and show that the cell sheets exhibit contraction, maintain 

junctional actin, reinforce cell-cell adhesion, and suppress apoptosis in a plakoglobin-dependent 

manner. Keratinocytes were chosen for this study in part due to existing interest in keratinocyte 

cell sheet cohesion for dermal tissue engineering and in part because they exhibit strong cell-cell 

interactions, including desmosomes. This study laid the groundwork for future characterization 

and manipulation of viable cell sheets for cell sheet engineering purpose. Such an engineered cell 
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sheet offers a novel way to study cell junctions when substrate interactions are no longer 

dominant, enable us to further develop and apply novel in vitro enzyme-based cell sheet lifting 

methods for manipulating and characterizing how junctional proteins may modulate cellular 

responses, such as cell sheet biomechanics and tissue integrity, which are critical for future 

clinical applications.   
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2.2 Methods 

2.2.1 Cell culture 

Immortalized human keratinocytes (N/TERT-1) were maintained as described elsewhere [126]. 

Briefly, cells were expanded and propagated in keratinocyte serum-free media (abbreviated ker-

sfm, media, reagents and supplements from Invitrogen, Carlsbad, CA, unless otherwise stated), 

supplemented with rEGF (0.2 ng/mL) and BPE (25 μg/mL), CaCl2 (Sigma, St. Louis, MO, 

0.4mM), and penicillin/streptomycin. To grow cells to high confluence, cells were switched to a 

medium consisting of a 1:1 mixture of ker-sfm and a medium DF-K, the latter consisting of a 1:1 

mixture of DMEM and Ham's F-12, supplemented with rEGF (0.2 ng/mL) and BPE (25 μg/mL),  

L-glutamine (1.5 mM) and penicillin/streptomycin.  

2.2.2 Antibodies and reagents 

The primary mouse monoclonal antibodies anti-plakoglobin (γ-Catenin) and anti-GAPDH 

(Novus Biologicals) were used for immunoblotting. Immunofluorescence staining was 

performed using the anti-plakoglobin antibody as the primary and Alexa Fluor 594 goat anti-

mouse IgG as the secondary antibody (all at 1:1000 dilutions). Alexa Fluor 488 conjugated 

phalloidin at a concentration of 0.5 µg/mL in HBSS was used for the actin stain. CellTracker 

Green CMFDA dye was used at a concentration of 10 µM. Hoechst was used at a concentration 

of 0.5 µg/mL for nuclear staining. Trypsin-EDTA (0.05%, 10 minutes at 37°C) was used to 

dissociate cells. All staining were performed for 1 hour at 37°C.  

2.2.3 Fluorescence microscopy 

Cells were fixed in 4% paraformaldehyde (Sigma) and then permeabilized with 0.1% triton-X-

100 (Sigma). Cells were then incubated in the primary antibody or the phalloidin, CellTraker 
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Green (CTGreen) and Hoechst label for an hour at 37°C, followed by PBS washes and then, for 

samples tagged with a primary antibody, a secondary antibody incubation for another hour, 

washed again and then imaged. Microscopy was performed at room temperature using an 

Olympus IX-81 inverted fluorescence microscope and images were acquired using an Olympus 

UPlanFL 10x NA 0.13 and Olympus LCPlanFL 40x NA 0.60 objective lens, and an Orca CCD 

(Hamamatsu, Bridgewater, NJ, model C10600) camera using MetaMorph Software. Additional 

images were acquired using an Olympus FV10 Confocal microscope, an Olympus OPLFLN 40X 

O NA 1.3 objective lens, and Olympus FV10-ABW Software. Images were processed using 

ImageJ (version 1.43u for Windows; National Institutes of Health) and Photoshop (Adobe) to 

prepare the final figures [127-129]. Images were brightness/contrast enhanced and fluorescent 

colors were added for clarity. Relative nuclear and overall plakoglobin intensities were 

quantified by ImageJ, with values normalized to the signal (100%) at untreated control. Imaging 

conditions were taken identical and analyses were done in the raw fluorescence images.  

2.2.4 Assessment of apoptosis using a TUNEL assay 

Keratinocytes were grown to full confluence in 35 mm culture dishes, and then were grouped 

into three conditions:  (1) untreated controls, which were cultured in ker-sfm media, (2) 

trypsinized, which were treated with a Trypsin-EDTA solution, suspended in ker-sfm media and 

transferred to 35 mm suspension culture dishes, or (3) dispase-lifted, which were treated with 

dispase, resuspended in ker-sfm medium and transferred to 35 mm suspension culture dish as an 

intact cell sheet. An in situ cell death detection kit (Roche Diagnostics, Basel, Switzerland) that 

measures TdT-mediated dUTP nick end labeling (TUNEL) was used in the apoptosis assays 

according to the manufacturer’s instructions.  
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2.2.5 Dispase-based cell sheet lifting assay 

A dispase-based lifting assay was performed to test cell sheet, and thus cell-cell adhesive, 

strength, adapted from similar protocols [76,130-132]. Cells grown to full confluence in 35 mm 

culture dishes were treated with 1 mL dispase at a concentration of 2.4 units/mL in HBSS and 

incubated at 37°C for approximately 30 minutes or until the monolayer lifted from the dish as an 

intact cell sheet. The cell sheets were then suspended in ker-sfm media for zero, one or two days 

prior to the lifting assay. Cell sheets were carefully transferred to 50 mL tubes containing 6ml of 

ker-sfm media, then vortexed at a fixed setting at 10 second intervals. The earliest time for which 

the cell sheet was completely disrupted, as assessed visually, was recorded for each sheet.  Please 

refer to the published protocols [76,130-132] for more technical details.  

2.2.6 Caspase inhibition assay 

To determine whether the apoptosis is caspase-dependent, cells were treated with a general 

caspase inhibitor Z-VAD-FMK at a final concentration of 20 µM (BD Pharmingen, San Diego, 

CA). Keratinocytes were grown to full confluence in 35 mm culture dishes, and then were 

grouped into three conditions:  untreated controls, which were cultured in ker-sfm media; 

dispase-lifted, which were cells suspended as an intact cell sheet; and trypsinized, which were 

treated with a Trypsin-EDTA solution, suspended in ker-sfm media and transferred to 35 mm 

suspension culture dishes. DMSO was used as a vehicle control. The TUNEL assay was used to 

determine the apoptosis rate as described.  

2.2.7 siRNA knockdown and overexpression of plakoglobin 

Two Silencer® Pre-designed siRNA for plakoglobin (siRNA sequence 5’-3’: 

GGGCAUCAUGGAGGAGGAUtt; CCAUCGGCUUGAUCAGGAAtt), a negative control 

siRNA (Invitrogen) and an overexpression vector pCMV6-XL5 (OriGene, Rockville MD) were 
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used to assess the effects of inhibition and overexpression of plakoglobin on cell survival. Cells 

were transfected with siRNA using Lipofectamine 2000 (Invitrogen). Briefly, transfection was 

performed using 100 pmol siRNA oligomer or 100 pmol DNA plasmid and 6 µL Lipofectamine 

2000 for each sample in a 35 mm dish. Alternatively, cells were trypsinized 4 days after 

transfection, then suspended in ker-sfm media in 35 mm suspension culture dishes for one 

additional day, after which the apoptosis rate of transfected cells were analyzed using the 

TUNEL assay as described.   

2.2.8 Immunoblotting 

Cells were lysed with RIPA buffer (Sigma) and total protein concentration was determined by 

Bradford assay (Sigma). Soluble fractions containing equal amounts of total protein were 

separated using SDS polyacrylamide gel electrophoresis and transferred onto PVDF membranes 

(Millipore, Billerica, MA). Immunoblotting was performed using mouse anti-human antibodies 

diluted in TBS with 1% w/v BSA and 0.1% v/v Tween-20 (Sigma) at the following dilutions: 

anti-Plakoglobin 1:2000, anti-GAPDH 1:1,000, and horseradish peroxidase conjugated goat anti-

mouse secondary antibody 1:1,000. Blots were developed with ECL (Perkin Elmer, Waltham, 

MA) and imaged using a FUJI imaging unit (Fujifilm, Stamford, CT). Relative plakoglobin 

intensity in immunoblotting images was quantified by ImageJ, with values normalized to 

GAPDH of each matching blot lane and the signal (100%) at untreated control.  

2.2.9 Statistical analysis 

Data are expressed as the mean ± SD compared by ANOVA and post-hoc. A value of p < 0.05 

was considered significant, with each group having sample sizes n ≥3.  
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2.3 Results 

2.3.1 Losing cell-substrate and cell-cell contact results in actin reorganization 

Immortalized human keratinocytes  were divided into three treatment groups: control (C), which 

were confluent cells maintained in a cell culture dish, dispase-lifted (D), which were cells that 

were grown to confluence and then lifted as an intact cell sheet, so that cells maintained cell-cell 

contact but lost cell-substrate contact, and trypsinized (T), which were cells that were grown to 

confluence, trypsinized and then maintained in suspension dishes as single cells so that the cells 

had neither cell-cell nor cell-substrate contact.  

When performing the dispase-lifting assay, the cell sheets showed contraction 

immediately on separation from the substrate, followed by further contraction one day after 

separation from the substrate (Figure 2.1 A). A second day of incubation yielded no significant 

further contraction. When adhering to the substratum, cells generate stress fibers and adhesion 

plaques, which allow cells to maintain their spread morphology. To determine (1) the extent of 

actin reorganization during trypsinization or dispase lifting and (2) whether dispase lifting affects 

cell spreading, control, dispase-lifted and trypsinized cells were stained for actin immediately 

after enzyme treatment (i.e., at zero days).  Control cells exhibited cortical localization of actin 

as well as stress fibers through the interior of the cells (Figure 2.1B). Dispase-lifted cells in the 

floating sheet exhibited primarily cortical localization of actin, and displayed clearly smaller in-

plane cross-sectional areas compared to control cells, suggesting that spreading was reduced on 

separation from the substrate, consistent with the contraction observed in the whole cell sheet. 

Trypsinized cells exhibited primarily diffuse staining with no consistent localization of actin 
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within the cell, indicating a nearly complete disruption of actin organization within the cell. Thus, 

both dispase-lifting and trypsinization alters actin distribution within the cell. 

 

Figure 2. 1 Loss of cell-substrate and cell-cell contact results in reorganization of actin 

cytoskeleton.  

(A) Images of dispase-lifted cell sheets at zero, one and two days post-dispase-lifting and 

disrupted by the mechanical shear test in 35 mm dishes. (B) Immortalized human keratinocytes 

were divided cells into three treatment groups: control (C), confluent cells that maintained in a 

cell culture dish, had both cell-cell and cell-substrate contact; dispase-lifted (D), confluent cells 
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that lifted as an intact cell sheet, maintained cell-cell contact but lost cell-substrate contact, and 

trypsinized (T), cells that trypsinized and suspended as single cells, had neither cell-cell nor cell-

substrate contact. Representative images of bright field (left panels), actin stain (middle panels), 

and actin merged with nucleus stain (right panels) in untreated control cells (top panels), dispase-

lifted cell sheet (middle panels), and trypsinized cells (bottom panels) show attenuation or loss of 

non-junctional stress fibers in the dispase-lifted cell sheet and loss of actin organization in the 

trypsinized cells. Further, cells in the dispase-lifted cell sheet shrunk in the horizontal plane upon 

release from the substrate. Green: actin, Blue: nucleus. Scale bar: 10 µm. 

 

2.3.2 Cell-cell adhesion strength increases on loss of cell-substrate contact 

Because dispase-lifted cell sheets maintain actin at cell-cell junctions, we next assessed whether 

cell-cell adhesion is affected by culturing the cell sheets in suspension. To quantify the relative 

cell-cell adhesion strength of the dispase-lifted cell sheets, a mechanical shearing test, adapted 

from similar protocols [76,130-132], was performed and the amount of time necessary to disrupt 

the dispase-lifted cell sheet was recorded, with increased disruption time indicating increased 

cell-cell adhesion strength.  Cell-cell adhesion strength increased significantly from day zero to 

day one post dispase-lifting, but no further from one to two days post dispase-lifting. Specifically, 

shorter disruption times were measured from day zero sheets (immediately post dispase lifting) 

compared to sheets lifted and kept in suspension for one and two days post dispase-lifting 

(p<0.01, day zero versus day one; p<0.05, day zero versus day two, Figure 2.2A). There was no 

significant difference in cell-cell adhesion strength between day one and day two (p>0.05), 
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suggesting that after loss of cell-substrate contact, there is fast, but not immediate, reinforcement 

of cell-cell adhesion strength.  

Next, we confirmed that the change in adhesion strength of the dispase-lifted cell sheets 

is independent of post-confluence effects. Because enhanced cell sheet strength may arise from 

post-confluence effects, such as overcrowding, cells grown to confluence but maintained while 

attached to the cell culture dish rather than dispase-lifted, to one day and two days after the 

typical dispase-treatment target time, were used in the same shearing test protocol. There was no 

difference in post-confluence cell-cell adhesion if the cells are maintained on a substrate; thus, 

the reinforcement is due to loss of cell-substrate adhesion and not post-confluence factors 

(Figure 2.2B, p>0.05).   

Because cell sheets are capable of maintaining cohesion to at least two days after lifting 

from the substrate, we next examined the apoptotic rate of cells cultured in suspension, with and 

without cell-cell contact, compared to control cells. 
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Figure 2. 2 Cell-cell adhesion strength increases on loss of cell-substrate contact.  

(A) Quantification of the strength of cell sheets suspended for zero, one or two days post 

dispase-lifting. Cell-cell adhesion strength increases significantly from zero to one day, but not 

from one to two days post dispase-treatment. The y axis represents relative time to sheet 

disruption, i.e. sheet strength, with values normalized to the time (100%) at zero days.  (B) The 

change in strength of the suspended cell sheets is independent of post-confluence effects. 

*p<0.05 and ** p<0.01 relative to the control at zero days. 
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2.3.3 Cell-cell contact suppresses apoptosis in the absence of substrate adhesion 

Cells were assayed for apoptosis at three time points: immediately, one and two days post 

treatment  (C0, C1 and C2 for control cells, D0, D1and D2 for cells in dispase-lifted sheet and 

T0, T1, and T2 for trypsinized, suspended single cells, respectively). Immediately after treatment, 

the number of apoptotic cells remains statistically unchanged (Figure 2.3A, apoptosis 

percentages: 0.65% for control at C0, 1.73% for dispase at D0, and 3.00% for trypsinization at 

T0, p>0.05). After one day post treatment, a significant percentage of trypsinized cells were 

apoptotic, whereas controls cells remained overwhelmingly viable (apoptosis percentages: 1.12% 

for control at C1, 6.40% for dispase at D1, and 48.7% for trypsinization at T1, p<0.01, C1 versus 

T1). The dispase lifted cells did not exhibit statistically significantly increased apoptosis at one 

day (p>0.05, C1 versus D1).  

After two days post treatment, an even higher percentage of trypsinized cells were 

positive for apoptosis (Figure2. 3A, apoptosis percentages: 0.61% for control at C2, 8.17% for 

dispase at D2, 75.60% for trypsinization at T2, p<0.01, C2 versus T2). Again, the dispase lifted 

cells did not exhibit increased apoptosis compared to controls (p>0.05, C2 versus D2).   

To determine whether the apoptosis is caspase-dependent, cells were treated with a 

general caspase inhibitor Z-VAD-FMK (ZVAD). DMSO was used as a vehicle control. 

Keratinocytes were grown to full confluence, and then were grouped into three conditions:  

controls (C); dispase-lifted (D), and trypsinized (T) of which dispase-lifted and trypsinized cells 

were suspended for one day, with each group consisting of untreated, DMSO-treated and ZVAD-

treated cells. There were no significant differences within the three treatments of the control and 

dispase groups. Cells trypsinized and suspended for one day exhibited increased apoptosis 
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(Figure 2.3B, p<0.005 versus control in normal media, p<0.001 versus control in DMSO-

supplemented media). Cells dosed with ZVAD exhibited increased apoptosis (p<0.05) but with 

only a marginal increase in the actual apoptotic rate (from 3.24 % to 15.42 %). Compared to 

trypsinization in normal media or in DMSO-supplemented media, ZVAD dosing significantly 

reduced apoptosis (p<0.01).  

The results from trypsinization are consistent with previous work [6] indicating cells 

require some form of contact maintain viability.  However, our data demonstrate that cells do not 

need to be attached to, or allowed to spread on, a substrate to remain viable, so long as there is 

some degree of cell-cell contact.  Further, these data show that apoptosis resulting from loss of 

contact is mainly, but not totally, caspase-dependent. Because of previous data implicating 

plakoglobin as a key signaling molecule in ARVC models, we next examined the role of 

plakoglobin in suppressing apoptosis in the absence of cell-substrate adhesion. 
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Figure 2. 3 Cell-cell contact suppresses cell death.  

(A) Percentage of cells undergoing apoptosis analyzed at zero, one and two days post treatments 

for cells left as untreated control (C group), treated with dispase and suspended as cell sheets (D 

group), or trypsinized and suspended as single cells (T group). Trypsinized cells, lacking both 

cell-substrate and cell-cell contact, exhibited significantly increased apoptosis after one day post 
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treatment. (B) The general caspase inhibitor Z-VAD-FMK (ZVAD) significantly reduced 

apoptosis in trypsinized single cells. Keratinocytes were grouped into three broad groups: 

untreated controls (C group, lane 1-3), dispase-lifted and suspended as sheets for one day (D 

group, lane 4-6), and trypsinized and suspended as single cells for one day (T group, lane 7-9). 

DMSO was used as a vehicle control. ** p<0.01. 

 

2.3.4 Plakoglobin translocates to cytoplasm and nucleus after loss of cell–cell contact  

Plakoglobin is thought to play a major role in various signaling and structural processes 

including cardiac and skin cohesion, tumor metastasis and the Wnt-catenin regulatory pathway. 

To examine the localization of plakoglobin in cells in our three treatment groups (control, 

dispase-lifted and trypsinized), we performed immunofluorescence staining immediately upon 

treatment (zero days) and at 24 hours post treatment (one day). Control (untreated) cells 

exhibited primarily junctional localization of plakoglobin (Figure 2.4A).  Dispase-lifting did not 

appear to significantly affect plakoglobin distribution. In contrast, trypsinized cells clearly 

exhibited diminished plakoglobin localization at the cell boundary and increased localization of 

plakoglobin in the cell cytoplasm, suggesting loss of junctional plakoglobin.  

The percentage of plakoglobin overlapping the nuclei were quantified from the confocal 

immunofluorescence images (Figure 2.4B, percentages of PG in nuclei: 22.8% for C0, 21.8% for 

D0, 24.6% for D1, 19.9% for T0, and 52.1% for T1). There was substantially more plakoglobin 

overlapping the nuclei in cells trypsinized and suspended for one day (p<0.01 for C0 versus T1, 

p<0.01 for T0 versus T1).   
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CellTracker Green, a cell-permeant, nonspecific fluorescent dye, was used to confirm the 

nuclear translocation of plakoglobin (Figure 2. S1A). Similar quantification analysis indicated 

that there were no significant differences for the amount of CellTracker Green in nucleus within 

the five groups (Figure S1B). Thus, this result demonstrates that plakoglobin, but not 

CellTracker Green, translocates to nucleus after loss of cell-cell contact.            

Western blot analysis shows expression level of plakoglobin in dispase-lifted cell sheets 

increase significantly from zero to one day post dispase-lifting, but decreases again from one to 

two days (Figure 2.4C). Increase in plakoglobin expression above baseline likely correlates to 

the increase in cell-cell adhesion (Figure 2.2A), but apparently a limit is reached so that the 

decrease in plakoglobin from days one to two is not significantly associated with a decrease in 

cell-cell adhesion. 
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Figure 2. 4 Plakoglobin translocates to the cytoplasm and nucleus after loss of cell–cell contact.  

(A) Plakoglobin localization was assessed using confocal fluorescence microscopy. 

Keratinocytes were either untreated (C0), treated with dispase and suspended as cell sheet for 

zero or one days (D0 and D1) or trypsinized and suspended as single cells for zero or one day 

(T0 and T1). Shown are images of bright field (left panels), plakoglobin stain (second left 

panels), nuclear stain (second right panels) and plakoglobin merged with nuclear stain (right 

panels) in untreated control cells (top row), dispase-lifted cell sheet (second and third rows), and 

trypsinized cells (fourth and fifth rows).  Plakoglobin was shown predominantly localized to cell 

junctions in control cells (C0) and the floating cell sheets (D0 and D1). In contrast, plakoglobin 

exhibited a more diffuse localization into the cytoplasm once cell-cell adhesion was lost (T0), 

and translocated significantly into the nuclei at one day post trypsinization (T1). Red: 

plakoglobin (PG), Blue: nucleus. Scale bar: 5 µm. (B) Quantification of the percentage of 

plakoglobin in nuclei, showing elevated nuclear plakoglobin in cells trypsinized for one day. ** 

p<0.01.  (C) Western blot analysis of dispase-lifted and suspended cell sheets shows plakoglobin 

level increases significantly from zero to one day post dispase-lifting, but not from one to two 

days post dispase-lifting. GAPDH was used as a loading control. 

 

2.3.5 Suppression of plakoglobin inhibits apoptosis in trypsinized cells 

To determine whether plakoglobin plays a role in the apoptotic pathway, RNA interference was 

used to suppress plakoglobin expression. Immunofluorescence images of plakoglobin 

knockdown four days after siRNA transfection demonstrated diminished plakoglobin expression 

throughout the cell (Figures 2.5A and 2.5B, p<0.005); transfection with the negative control 
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vector showed no significant difference (p>0.05). The strength of the cell sheet transfected with 

siRNA against plakoglobin decreased significantly compared to the untransfected control (Figure 

2.5C, p<0.01); transfection with the negative control vector showed no significant difference 

(p>0.05), which correlates well with the changes of plakoglobin level shown in Figure 2.5A and 

2.5B.  

To determine whether plakoglobin is involved in the apoptotic pathway, cells were 

transiently transfected with siRNA against plakoglobin or a negative control vector. A CMV-

driven plakoglobin vector was used to restore plakoglobin expression. Western blot analysis 

(Figure 2.5D and 2.5E) four days post transfection shows a decrease in plakoglobin level with 

siRNA transfection and a slight increase in plakoglobin level with plakoglobin overexpression. 

Relative plakoglobin level was normalized to untreated control set as 100%, with 30.7% for 

plakoglobin siRNA knockdown (p<0.001). The relative plakoglobin level in the cells transfected 

with the negative control siRNA (102.3%) was similar to the untreated control (p>0.05). 

Transfection with CMV-driven plakoglobin led to an increase in plakoglobin level (111.0% for 

CMV-driven plakoglobin alone, 117.3% for CMV-driven plakoglobin vector and negative 

control vector co-transfection, p>0.05 versus untreated control for both cases). Co-transfection 

with siRNA for plakoglobin and the CMV-driven plakoglobin vector resulted in a significant 

increase in plakoglobin level compared to transfection with siRNA alone (63.8% for CMV-

driven plakoglobin and plakoglobin siRNA co-transfection, p<0.01 versus untreated plakoglobin 

siRNA alone). However, co-transfection still exhibited decreased plakoglobin level compared to 

untreated controls (p<0.01), likely due to the overpowering nature of the siRNA. 

Next, we assessed the effects of plakoglobin on the apoptotic rate of cells transfected 

with siRNA for plakoglobin, the negative control vector, the CMV-driven plakoglobin vector, or 
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combinations thereof. Cells were trypsinized four days post transfection, then suspended for an 

additional day. As shown in Figure 5F, there was a significant decrease in the percentage of cells 

undergoing apoptosis in the cells suppressing plakoglobin, suggesting that even partial inhibition 

of plakoglobin is sufficient to rescue approximately half the cells (48.2% apoptosis for untreated 

control, 24.3% apoptosis for plakoglobin siRNA knockdown, p<0.0005). The percentage of cells 

undergoing apoptosis in the cells transfected with the negative control siRNA (45.2%) was 

similar to the untreated control (p>0.05). Transfection with CMV-driven plakoglobin led to a 

marginal increase in cell death (61.1% apoptosis for CMV-driven plakoglobin alone, 60.6% 

apoptosis for CMV-driven plakoglobin vector and negative control vector co-transfection, 

p>0.05 versus untreated control for both cases). Co-transfection with siRNA for plakoglobin and 

the CMV-driven plakoglobin vector resulted in a significant increase in apoptosis rate compared 

to transfection with siRNA alone (36.2% apoptosis for CMV-driven plakoglobin and plakoglobin 

siRNA co-transfection, p<0.05 versus untreated plakoglobin siRNA alone). However, co-

transfection still exhibited decreased apoptotic rate compared to untreated controls (p<0.05), 

likely due to the overpowering nature of the siRNA. The changes in apoptosis rate are well 

correlated with the relative expression level of plakoglobin showed in Figure 2.5D and 2.E. 

These apoptosis experiments were repeated with a second siRNA against plakoglobin, with 

similar results. 
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Figure 2. 5 Plakoglobin is a key regulator of the apoptotic pathway.   

(A) Immunofluorescent images of untreated control (left) and plakoglobin knockdown four days 

after transfection with siRNA (right). Green: plakoglobin, Red: Nucleus. Scale bar: 10 um. (B) 

Quantification of relative plakoglobin levels based on fluorescence images. The y axis represents 
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relative plakoglobin intensity, with values normalized to the untreated control. (C) Quantification 

of the strength of cell sheet transfected with siRNA for plakoglobin (PG siRNA KD) and a 

negative control (Neg control). Cell sheets were dispase-lifted four days after transfection. The y 

axis represents relative time to sheet disruption, i.e. sheet strength, with values normalized to the 

untreated control. (D) Western blot analysis of plakoglobin four days after transfection with or 

without siRNA for plakoglobin (PG siRNA KD), a negative control (N), or plakoglobin 

overexpression (Overexpression). GAPDH was used as a loading control. (E) Quantification of 

relative plakoglobin level in each western blot lane. The y axis represents relative plakoglobin 

intensity, with values normalized to the untreated control.  (F) Apoptosis rate of cells transfected 

with siRNA for plakoglobin, negative control (N), or plakoglobin overexpression vector. Cells 

were trypsinized four days after transfection, and then suspended for one day, after which the 

TUNEL assay was performed. * p <0.05 and ** p <0.01. 
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2.4 Discussion 

Cell apoptosis is induced by trypsinization, but not dispase-lifting, suggesting that cell-substrate 

interactions, and spreading of cells, are not the ultimate regulators of cell viability. Further, 

cohesive cell sheets lacking adhesive substrates maintain or reinforce the junctional localization 

of actin and plakoglobin. Suppression of endogenous plakoglobin protected cells from 

trypsinization-induced apoptosis, suggesting that plakoglobin deficiency reduces cell 

susceptibility to apoptosis.  

Cell-matrix interactions have been widely used as a standard model system for studying 

cellular adhesion. Cell attachment and spreading on the extracellular matrix (ECM) through 

integrins and focal adhesions were found to govern cell vitality [6,133-135].  We show that in the 

absence of cell-ECM/substrate interactions and active spreading, intercellular junctions become a 

major control mechanism. One possible reason that cell junctions are so important is that 

junctions are vital information processing centers where clustered molecules can exchange 

biochemical and mechanical information among adjacent cells. When those regulatory and 

signaling molecules connect and communicate along the integrated adhesion site-cytoskeleton 

networks, individual cells may contribute to tissue-wide decision-making by becoming part of a 

‘global’ network, even if there is no ECM.  

Most, if not all, adhesion sites likely contribute to cell regulation. Provided that properly 

organized cytoskeleton networks form and are anchored at adhesion sites, either cell-ECM 

adhesion or cell-cell adhesion is sufficient to maintain cell viability. Isolated cells resulting from 

trypsinization and cells that were allowed to attach, but prohibited from spreading via 

micropatterned islands [6], induced apoptosis. In both cases, cell spreading is highly restricted or 
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nonexistent, and the cytoskeleton is likely disorganized, which render the cell vulnerable. In the 

case of the dispase-lifted cell sheet, cell spreading is also highly restricted, and a significant part 

of the internal cytoskeleton is disrupted, but the death rate is extremely low. Thus, we suggest 

that it is not cell spreading itself, but organized adhesion site-cytoskeleton organization that 

controls cell life and death.   

There is emerging evidence that plakoglobin may participate in the Wnt/LEF/TCF 

signaling pathway [65,136,137]. Plakoglobin has the capacity to translocate to the nucleus and 

regulate Wnt signaling by competing with β-catenin, affecting β--catenin localization, 

accumulation and/or function [66,138]. Given the relative ubiquity of plakoglobin in a broad 

variety of tissues, it is likely that our conclusion that cell junctions are key to cell fate regulation 

can be generalized to all contacting cells in multicellular organisms, with perhaps different 

junctional proteins participating in those tissues lacking plakoglobin. Indeed, it is possible that 

other junctional proteins, including other desmosomal proteins, may participate in similar, 

perhaps overlapping, regulatory pathways. We note that this study focuses on keratinocytes, but 

since keratinocytes are normally adherent, our results are likely general, and we have preliminary 

evidence that other cell types exhibit similar behavior. Additionally, other studies are consistent 

with these results. 

Almost all tumor cells originate in the epithelium and metastasize as single cells [139]. 

The vast majority of tumor cells that make their way into bloodstream die off quickly, usually 

within a few hours of leaving the tumor [139]. Expression levels of plakoglobin is often reduced 

or absent in invasive cancer cells [140-145], which likely result in weakened cell-cell adhesion 

and enhanced migratory capacity [10,131].  However, we show here that plakoglobin may have a 

more vital role – cells that detach and enter the bloodstream with reduced plakoglobin may be 
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protected from apoptotic effects, and thus lead to enhanced metastatic capabilities. Our findings 

could provide an additional mechanism underlying the poorer prognosis associated with tumors 

expressing diminished plakoglobin [146-149].  

Many adhesion defect diseases, such as pemphigus vulgaris (PV) and arrhythmogenic 

right ventricular cardiomyopathy (ARVC) are thought to be caused in part by alterations in cell 

junctions. The mechanisms behind these diseases are a source of active investigation but may 

rely on the fact that diminished cell-cell adhesion leads to increased susceptibility of cell 

separation, leading to altered junctional protein localization and possibly the engagement of 

apoptotic pathways. For example, models of ARVC have been shown to exhibit nuclear 

plakoglobin localization, increased apoptosis and altered cell-cell adhesion [63,76]. Thus we 

show here a unifying mechanism for this class of disease, which may eventually be expanded to 

include muscular dystrophy and other adhesion defect conditions. 

Tissue formation depends critically on the ability of cells to form specific contacts with 

each other [8]. During development, cell-cell interactions are likely far more important than cell-

substrate interactions, given the relatively isolated environment of the embryo. In fact, culturing 

stem cells to induce specific differentiation sometimes requires using a hanging drop method, 

both to eliminate a hard adhesive substrate and to provide a more three-dimensional environment 

for differentiation [150].  Understanding the mechanism underlying cell-cell interactions is vital, 

but difficult, due to the intricacies working with suspended cell masses. Our study represents an 

important first step towards explaining how cells communicate in a more realistic environment 

compared to the commonly used in vitro tools. As such, this approach may be a useful 

supplement to the growing work in developing three-dimensional scaffolds using novel materials. 
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This study demonstrates that cell junctions are a fundamental control mechanism in 

governing cell life and that junctional protein plakoglobin is a key regulator of this process. 

These findings could have significant implications for understanding cell adhesion, modeling 

disease progression, developing therapeutics and improving the viability of tissue engineering 

protocols. Furthermore, this study laid the groundwork for future characterization and 

manipulation of viable cell sheets for cell sheet engineering purpose. The recent development of 

cell-sheet tissue engineering has generated a need for a systematic characterization of cell-cell 

interactions in cell sheets to better mimic and condition them for in vivo applications. Though 

promising, the technique is currently limited by the fragility and shrinkage of the sheets as well 

as the lack of information regarding the characteristics of such sheets [151]. Direct experimental 

methods for understanding and improving the cell sheets’ biomechanical properties, such as cell-

cell adhesion, mechanotransduction, and other baseline cellular properties are essential for 

further development of these sheet constructs. However, comprehensive in vitro experimental 

data are still lacking due to lack of suitable experimental methods. Our enzyme-based  cell sheet 

lifting method offers a novel way to study cell junctions when substrate interactions are no 

longer dominant, enable us to further develop and apply novel in vitro method for characterizing 

how junctional proteins may modulate cellular responses, such as cell sheet biomechanics and 

tissue integrity, which are currently not well-studied but critical for future clinical applications. 
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2.5 Supplemental figure 

 

Figure 2. 6 Supplement Figure S1. CellTracker Green doesn’t translocate to the cytoplasm and 

nucleus after loss of cell–cell contact. (A) CellTracker Green (CTGreen) localization was 

assessed using confocal fluorescence microscopy. Keratinocytes were either untreated (C0), 

treated with dispase and suspended as cell sheet for zero or one days (D0 and D1) or trypsinized 

and suspended as single cells for zero or one day (T0 and T1). Shown are images of bright field 

(left panels), CTGreen stain (second left panels), nuclear stain (second right panels) and 

CTGreen merged with nuclear stain (right panels) in control cells (top row), dispase-lifted cell 

sheet (second and third rows), and trypsinized cells (fourth and fifth rows).  Green: CTGreen, 

Blue: nucleus. Scale bar: 5 µm. (B) Quantification of the percentage of CTGreen in nuclei, 

showing no significant difference of CTGreen location within the groups.  
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Chapter 3 Characterization of partially-lifted keratinocyte cell sheets 

3.1 Introduction 

The recent development of cell-sheet tissue engineering has generated a need for a systematic 

characterization of cell-cell interactions in cell sheets to better mimic and condition them for in 

vivo applications. Rather than using conventional three-dimensional scaffolds for tissue 

reconstruction, an approach using thermo-responsive polymeric surfaces that facilitate the non-

invasive harvest of cultured cells as intact tissue sheets was developed [37]. Such cell sheets 

have been generated for a wide variety of laminar tissues, such as skin, heart, corneal and renal 

components [84,104,105]. Additionally, cell sheet tissue engineering bears a striking 

resemblance to the embryonic cell sheet building machinery. In early development, the 

rearrangement and deformation of the substrate-free cell sheet in blastoderm and later in 

blastopore involves a series of precisely orchestrated morphogenetic episodes [119,152]. The 

parallels between tissue morphogenesis and tissue engineering suggest that force homeostasis 

across cell-cell junctions not only govern blastoderm and blastopore formation, but also may 

play crucial roles in regulating mechanical strength of the cell sheet constructs for tissue 

engineering purposes. 

Currently, cell sheets are fragile and are typically handled by external supports [151]. 

Direct experimental methods for understanding and improving the sheets’ biomechanical 

properties, such as cell-cell adhesion, mechanotransduction, and other baseline cellular 

properties are essential for further development of these sheet constructs. However, 

comprehensive in vitro experimental data are still lacking due to lack of suitable experimental 

methods. First, research in cell sheet engineering primarily focuses on biological or chemical 
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cues; comparatively little is known about mechanical cues. In particular, how mechanical cues 

may regulate, or be regulated by, the cytoskeleton remain incompletely resolved. Since 

components such as actin are responsible for certain mechanoresponses as well as for cell 

processes such as migration, contraction and adhesion, it is imperative that their role be 

examined in more detail [12,33,153-157]. Second, most studies are done in adherent cells which 

may primarily maintain cell-substrate interactions and as a result, likely introduce mixed 

responses into the readouts. Thus, the roles of key junctional proteins in desmosomes, adherens 

junctions, etc. are not well-characterized. However, recent studies have demonstrated that such 

junctional proteins regulate a variety of processes such as viability and migration [10,11,158]. 

Third, most cell sheets are generated for immediate use and not conditioning - without 

supporting scaffolds, these sheets are too fragile to endure in vitro handling or significant 

manipulation. Further, when no external support was used, the detached cell sheets size can 

shrink by 90%, which significantly impairs the sheet’s ability to provide sufficient coverage in 

the tissues being repaired [151]. Therefore, it is desirable to develop a novel method to generate 

mechanically conditioned and unshrunk substrate-free, scaffold-free cell sheets. A recent study 

on characterizing the mechanics of cultured cell monolayers has begun to shed light on this topic 

[43]. Despite this excellent work, our knowledge of underlying mechanisms regarding how cell-

cell junctions and cytoskeleton regulate cell sheet mechanical properties, and more importantly, 

the capability to mechanically condition the cell sheet for tissue engineering purposes remain 

poor.  

The viability study in Chapter 2 laid the groundwork for future characterization and 

manipulation of viable cell sheets for cell sheet engineering purpose. Our enzyme-based cell 

sheet lifting method offers a novel way to study cell junctions when substrate interactions are no 
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longer dominant, enable us to further develop novel in vitro method for characterizing how 

junctional proteins may modulate cellular responses, such as cell sheet biomechanics and tissue 

integrity, which are currently not well-studied but critical for future applications. To address two 

of the major challenges in current cell sheet engineering constructs, fragility and shrinkage, it is 

desirable to develop a method to generate mechanically strong and unshrunk substrate-free, 

scaffold-free cell sheets. In this study we developed a novel method to generate partially-lifted 

cell sheets which can be manipulated in a way similar to adherent cells. This simple yet powerful 

tool enables us to investigate the effects of mechanical conditioning on cell sheet properties, and 

permits direct comparison of physiological parameters between lifted cells and their adherent 

controls, side-by-side. We hypothesized that lifted cells would exhibit changes to the distribution 

of cytoskeletal and junctional proteins, with reinforcement occurring at cell-cell contacts via 

mechanotransduction. We further hypothesized that mechanical conditioning would enhance 

such reinforcement, as well as lead to greater cohesion in the lifted cells. To test this hypothesis, 

we characterized cellular actin and junctional reinforcement, and evaluated cell sheet strength 

and cohesion, to assess changes in cell properties when cell-cell interactions dominate. We found 

that our hypotheses are generally supported, but that there is a limit to reinforcement via 

mechanical conditioning. 

Keratinocytes were chosen for this study in part due to the ease with which they can be 

manipulated, existing interest in keratinocyte cell sheet cohesion for dermal tissue engineering 

and in part because they exhibit strong cell-cell interactions, including desmosomes. These 

results represent a first systematic examination of mechanical conditioning on cells with 

primarily intercellular interactions. These findings suggest that cytoskeleton and tightly 

associated intercellular junctions may be crucial for unlocking the potentials for cell sheet 
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engineering, which has emerged as a promising approach to reconstructing various types of 

laminar tissues, such as skin, myocardium, cornea, and vascular systems, etc. without using any 

biodegradable materials [159-161]. Of particular interest is cardiac sheet engineering. Due to 

existing similar junctional structures between epidermal and cardiac tissues and strong interest in 

characterizing cell sheet properties for cardiac sheet engineering, this study also provide a solid 

foundation for extend partial-lifting technique to cardiac sheet engineering. 
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3.2 Methods 

3.2.1 Cell culture 

Immortalized human keratinocytes (N/TERT-1) were maintained as described elsewhere 

[11,126]. Briefly, cells were seeded on 0.005” thick silicone sheeting (SMI, Saginaw, MI) in a 

100 mm diameter custom-made stretch device chamber, expanded and propagated in 

keratinocyte serum-free media (abbreviated ker-sfm, media and supplements from Invitrogen, 

Carlsbad, CA, unless otherwise stated), supplemented with rEGF (0.2 ng/mL) and BPE (25 

μg/mL), CaCl2 (0.4mM,  Sigma, St. Louis, MO), and penicillin/streptomycin. To grow cells to 

high confluence, cells were switched to a medium consisting of a 1:1 mixture of ker-sfm and a 

medium DF-K, the latter consisting of a 1:1 mixture of DMEM and Ham's F-12, supplemented 

with rEGF (0.2 ng/mL) and BPE (25 μg/mLl),  L-glutamine (1.5 mM) and 

penicillin/streptomycin.  

3.2.2 Antibodies and reagents 

Unless otherwise noted, reagents were purchased from Invitrogen/Life Technologies (Carlsbad, 

CA). Primary mouse monoclonal antibodies anti-plakoglobin (γ-Catenin) and anti-GAPDH 

(Novus Biologicals) were used for immunoblotting at 1:1000 dilutions. Immunofluorescence 

staining was performed using the monoclonal anti-plakoglobin anti--tubulin (Sigma, St. Louis, 

MO), anti-pan Cytokeratin, antibody (PCK-26, Sigma) and monoclonal Anti-Keratin 5/8 

antibody (C50, sc-8021, Santa Cruz Biotechnology), monoclonal anti-Keratin 14 antibody 

(LL001, sc-53253, Santa Cruz Biotechnology) antibodies as the primary and Alexa Fluor 594 

goat anti-mouse IgG as the secondary antibody (all at 1:1000 dilutions). Alexa Fluor 488 

conjugated phalloidin at a concentration of 0.5 µg/mL in HBSS was used for actin staining. 

Hoechst was used at a concentration of 0.5 µg/mL for nuclear staining. All staining was 
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performed for 1 hour at 37°C.For cytoskeleton toxin disruption, Cytochalasin D (cytoD, Sigma) 

was used to disrupt actin at 3 µM for 1 hour at 37°C, and Y-27632 was used to inhibit ROCK at 

10 µM for 1 hour at 37°C right after sheet lifting. Nocodazole (noco, Sigma) was used to disrupt 

the microtubules at 10 µM for 1 hour at 37°C. Acrylamide (acryl, Sigma) was used to disrupt 

keratin filaments at 10 mM for 4 hours at 37°C. 

3.2.3 Fluorescence microscopy 

Cells were fixed in 4% paraformaldehyde (Sigma) and then permeabilized with 0.1% triton-X-

100 (Sigma). For plakoglobin-nucleus co-staining, cells were incubated in the monoclonal anti-

plakoglobin primary antibody and Hoechst together for an hour at 37°C, followed by PBS 

washes and then a secondary antibody incubation for another hour, washed again and then 

imaged. For actin-nucleus co-staining, cells were incubated in the phalloidin and Hoechst 

together for an hour at 37°C, followed by PBS washes and then imaged. For plakoglobin-actin-

nucleus triple-staining, cells were incubated in the monoclonal anti-plakoglobin primary 

antibody, the phalloidin and Hoechst together for an hour at 37°C, followed by PBS washes and 

then a secondary antibody incubation for another hour, washed again and then imaged. 

Microscopy was performed at room temperature using an Olympus FV10 Confocal microscope, 

an Olympus OPLFLN 40X O NA 1.3 objective lens, and Olympus FV10-ABW Software. 

Images were processed using ImageJ (version 1.43u for Windows; National Institutes of Health) 

and Photoshop (Adobe) to prepare the final figures [127-129]. Imaging conditions were taken 

identical and analyses were done in the raw fluorescence images. Images were 

brightness/contrast enhanced and fluorescent colors were added for clarity. Relative actin or 

plakoglobin intensities were quantified by ImageJ, with values normalized to untreated control 

(i.e. unstretched, unlifted cells) signals. The percentage of actin or plakoglobin signal at the 
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junctions was calculated as signal intensity at the junctions divided by the total signal intensity of 

the whole cells [74,76]. 

3.2.4 Dispase-based partial-lift method 

Cells grown to full confluence were treated with dispase at a concentration of 2.4 units/mL in 

Hanks Buffered Saline Solution inside the custom-made PDMS mold (with inner diameter 10 

mm), and incubated at 37°C for 20 minutes or until the monolayer lifted from the chamber as an 

intact sheet. Cells outside the PDMS mold remained adhered to the substrate. Thus, this plating 

is considered a partially-lifted culture, where the cells within the PDMS mold form a lifted cell 

sheet that was dissociated from the substrate but were attached at the periphery to cells that 

remain plated. 

3.2.5 Cell viability assay 

Cell viability was assessed using a Live-Dead staining assay[162]. Briefly, for nuclear staining, 

Hoechst (0.5 µg/mL) and Propidium Iodide (2 µg/mL) were added to cells. After staining for 5 

minutes at 37°C, cells were washed with HBSS and examined under the microscope immediately. 

Death rate is calculated as the ratio of positive Propidium Iodide over Hoechst stained nuclei. 

Viability rate is calculated as 1-Death Rate. 

3.2.5 Cyclic stretch and mechanical tests  

Partially lifted cell sheets were subjected to equiaxial cyclic stretch for 4hr at 5% strain and 1 Hz 

before staining using a custom equiaxial stretching device (with uniform strain fields, as 

previously described [163]) maintained in a cell culture incubator. Tensile test assays were 

performed using an Instron ElectroPlus E1000 All-Electric Test Instrument (Instron, Norwood, 

MA). Briefly, a 2cm-wide and 10cm long strip of the membrane containing both adherent and 

http://www.instron.us/wa/product/ElectroPuls-E1000-All-Electric-Instrument.aspx
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lifted cells was cut off and then immediately mounted to the test instrument. The mounted 

membrane was stretched at a speed of 1 mm per second and the maximum sheet strain before 

failure was measured. Strain was calculated as the ratio of the change in length to the original 

length (e=ΔL/L0). A previously-established shear test protocol was performed to test cell sheet 

cohesion, and thus cell-cell adhesive strength [11,76,131,164]. A second custom equiaxial stretch 

apparatus, referred to as the microscope stage-top stretch apparatus, was used for simultaneous 

stretching and imaging. This device consisted of a moving plate that is moved vertically by a 

microactuator against a ring-shaped piston that generates uniform strain on the membrane. A 

microscope objective can fit within the piston to image the membrane, and this device was used 

to measure strains of the cell sheets, and to verify that cells in the lifted regions were subject to 

the same strain as cells that remain attached. Nuclei were labeled using a Hoechst stain and 

imaged during stretch. Nuclei centroids were tracked in multiple fields of view and their 

coordinate positions were determined using an automated particle-tracking Matlab program as 

previously described [165,166]. The paired lengths between multiple randomly picked nuclei in 

the stretched versus unstretched represented the same field were measured.  

3.2.6 siRNA knockdown 

Silencer® Pre-designed siRNA for plakoglobin (5’-3’: GGGCAUCAUGGAGGAGGAUtt), a 

negative control siRNA (Invitrogen) were used assess the effects of plakoglobin knockdown on 

cell sheet cohesion. Additionally, two Silencer Pre-designed siRNA for keratin 5 (5’-3’: 

GCAUGUCUCUGACACCUCAtt; GGAGAGUAGUCUAGACCAAtt), two Silencer Pre-

designed siRNA for keratin 14 (5’-3’: GCCGAGGAAUGGUUCUUCAtt; 

GGACAUGGAUGUGCACGAUtt), and a negative control siRNA (Invitrogen) were used to 

assess the effects of keratin 5 and keratin 14 knockdown on cell sheet contraction and cell sheet 
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cohesion. Cells were transfected using Lipofectamine 2000 (Invitrogen), according to the 

manufacturer's instructions. Cells were harvested and analyzed four days after transfection. 

3.2.7 Immunoblotting 

Total protein concentration was determined by Bradford assay (Sigma). Soluble fractions 

containing equal amounts of total protein were separated using SDS polyacrylamide gel 

electrophoresis and transferred onto PVDF membranes (Millipore, Billerica, MA). 

Immunoblotting was performed using mouse anti-human antibodies at the following dilutions: 

anti-Plakoglobin 1:2000, anti-GAPDH 1:1,000, and horseradish peroxidase conjugated goat anti-

mouse secondary antibody 1:1,000. Blots were developed with ECL reagents (Perkin Elmer, 

Waltham, MA) and imaged using a FUJI imaging unit (Fujifilm, Stamford, CT). Relative 

plakoglobin intensity in immunoblotting images was quantified by ImageJ, with values 

normalized to GAPDH of each matching blot lane and the signal of the untreated control.  

3.2.8 Statistical analysis 

Data are expressed as mean ± SD and analyzed by ANOVA. A value of p < 0.05 was considered 

significant, with each group having sample sizes n ≥3.   
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3.3 Results 

3.3.1 Generation of partially-lifted cell sheets 

To examine and manipulate cell sheets that have minimal or no interaction with substrates, we 

developed a method to generate partially-lifted cell sheets. Table 3.1 summarized the partial-lift 

techniques explored for this study. Confluent human keratinocyte monolayers plated on a 

flexible silicone membrane were lifted by dispase inside a PDMS mold gently placed atop part of 

the culture area. Cells outside, and under, the PDMS mold remained attached to the membrane 

(Figure 3.1A). The lifted cell region inside the mold thus consisted of a cell sheet that engaged 

mostly cell-cell interactions, yet was available for immunofluorescence staining and microscopy, 

and importantly, could be mechanically conditioned due to their attachment to cells that remain 

attached to the substrate. To confirm effectiveness of the PDMS mold in making an un-leaking 

well and determine whether cells in the lifted region were no longer significantly interacting with 

the substrate, a nucleus stain was first performed across the whole monolayer, followed by 

partial lift with dispase and actin stain with phalloidin inside the mold. Only cells inside the 

PDMS mold, i.e. lifted cells, were stained with phalloidin, the cells under and outside the mold 

remain un-stained. This result confirmed that the PDMS mold has the ability to contain the 

dispase and/or phalloidin within the mold and the attached cells under PDMS were not torn off. 

Cells in the lifted region displayed a morphology consistent with fully detached cell sheets, 

exhibiting actin primarily at cell-cell junctions (Figure 3.1B) [12]. The attached cells (top half) of 

the nucleus stain image is a little out of plane, further confirms that the attached cells under 

PDMS were not torn off, and suggests the detachment of cells inside the well (bottom half).  To 

further microscopically verify the detachment of the cells inside the PDMS mold, about 75% of 

the perimeter of the lifted region was purposely cut open along the PDMS mold border. The 
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lifted region was clearly not attached to the substrate as it was easily shifted around and 

significantly contracted overtime, unlike the regions that remained attached.  

To verify that cells in the lifted regions were subject to the same strain as the controls, we 

used a custom-made microscope stage-top stretch apparatus which is capable of simultaneous 

stretching and imaging. The partially lifted sheets were imaged, stretched to 9% and imaged 

again. Nuclear centroids were tracked and their coordinate positions were determined using a 

Matlab program. The changes in lengths between nuclei, normalized to the baseline lengths (i.e., 

the strains) were measured. The representative images showed measurements of changes in 

length between three randomly picked nuclei. No significant differences between the lifted 

sheets (8.5% ± 1.1%) and controls (8.8% ± 1.4%) were observed (p>0.05, n=3, Figure 3.1C). 

Other strains (from 0% to 12%) displayed similar results (higher strain data was presented as 

differences are likely to be clearer at higher strains).  

To ensure that neither lifting, nor the application of cyclic stretch would lead to cell death, 

viability assays were applied to cells under four conditions: lifted or attached, and following 

cyclic stretch or unstretched. Cyclic mechanical stretch was performed using an equiaxial stretch 

device for 4 hr at 5% strain and 1 Hz. Cells were effectively 100% viable, with no significant 

differences among the four tested conditions (Figure 3.1D). A viability test was also done on 

cells located under the PDMS mold with similar results, indicating that the application of the 

mold did not significantly damage the cells underneath it.      
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Table 3. 1Development and evaluation of partial lift techniques for keratinocyte sheet 

Technique Method Results& Comments 

Partial lift: Inside 

PDMS  

***  

A small PDMS mold is placed on 

top of the large cell monolayer; 

dispase is then added inside the 

mold  

Pros: Only sheet inside PDMS 

lifted 

Cons: PDMS mold may slide and 

damage monolayer  

Partial lift: Vacuum 

**  

A small area of the cell monolayer 

is vacuumed (from outside) to 

form a well; dispase is then added 

to the well  

Pros: Only sheet inside well lifted 

Cons: 1) cells inside well are 

unevenly deformed during lifting; 

2) technically difficult to form a 

stable well in incubator  

Partial lift:  Gravity 

**  

A small area of the cell monolayer 

is forced to form a well helped by 

gravity or magnet (from outside) ; 

dispase is then added to the well  

Pros: Only sheet inside well lifted 

Cons: 1) cells inside well are 

unevenly deformed during lifting  

Whole lift followed 

by partial 

reattachment *  

The cell monolayer is lifted by 

dispase;  then suspends in 

minimum amount of growth 

medium  

Pros: Part of the sheet reattached  

Cons: 1) whole sheet contracts after 

lifting; 2) only part reattached; 3) 

hard to control reattachment  

Whole lift followed 

by partial 

reattachment: 

Collagen *  

The cell monolayer is lifted by 

dispase;  then suspends in another 

collagen partially pre-coated 

membrane with minimum amount 

of growth medium  

Pros: Part of the sheet reattached  

Cons: 1) whole sheet contracts after 

lifting; 2) only part of the sheet 

reattached  

Whole lift followed 

by partial 

reattachment: 

Collagen-sheet-

collagen sandwich 

*  

The cell monolayer is lifted by 

dispase;  then place on top of 

another collagen partially pre-

coated membrane, seal  periphery  

with additional  collagen to form a 

collagen-sheet-collagen sandwich  

Pros: Part of the sheet reattached  

Cons: 1) whole sheet contracts after 

lifting; 2) only part of the sheet 

reattached  

Whole lift followed 

by partial 

reattachment: 

Fibronectin (FN) *  

The cell monolayer is lifted by 

dispase;  then suspends in another 

fibronectin partially pre-coated 

membrane with minimum amount 

of growth medium  

Pros: Part of the sheet reattached  

Cons: 1) whole sheet contracts after 

lifting; 2) only part of the sheet 

reattached  

Whole lift followed 

by partial 

The cell monolayer is lifted by 

dispase;  then place sheet on top of 

Pros: Part of the sheet reattached  
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reattachment: 

FN-sheet-FN 

sandwich *  

another fibronectin partially pre-

coated membrane, seal  periphery  

with additional  fibronectin to form 

a FN-sheet-FN sandwich 

Cons: 1) whole sheet contracts after 

lifting; 2) only part of the sheet 

reattached  

Whole lift followed 

by partial 

reattachment: 

temperature-

responsive 

substrates  transfer 

to elastic 

membrane * 

Cells monolayer grown on 

temperature-responsive substrates 

(Up-Cell dish) is lifted after 

switching to room temperature. 

The cell sheet  is then transferred 

to a fibronectin pre-coated 

membrane, and suspends in 

minimum amount of growth 

medium   

Pros: Part of the sheet reattached  

Cons: 1) whole sheet contracts after 

lifting; 2) only part of the sheet 

reattached  

Temperature-

responsive 

substrates  on 

elastic membrane *  

Cells monolayer grown on 

temperature-responsive substrates 

(Up-Cell dish) that is cut and 

placed on a fibronectin pre-coated 

elastic membrane is lifted after 

switching to room temperature 

Pros: Only sheet on Up-Cell dish 

lifted  

Cons: 1) un-level surface; 2) fragile 

sheet along the Up-Cell dish and 

membrane periphery  

* Good, ** better, *** best. Ranking was based solely on actual results. 
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Figure 3. 1 Generation of partially-lifted cell sheets. 

(A) Schematic illustration (side-view) of the partially-lifted cell sheet (1) before lifting, (2) after 

lifting, and (3) subject to cyclic stretch. Confluent keratinocyte monolayers were completely 

lifted by dispase inside the PDMS mold leaving the lifted region freely suspended; cells outside 

the mold remained adhered to the substrate. Changes in actin (green) and plakoglobin (red) 
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indicate anticipated changes in relative levels of the respective proteins in response to stretch. (B) 

Schematic illustration (middle, top-view), and enlarged fluorescent actin stain and nucleus stain 

images (left) on the border of the partially lifted cell sheet. Nucleus stain was performed across 

the whole monolayer, partial lift and actin stain were performed inside the PDMS well. Only 

lifted cells inside the well were stained, the cells under & outside the well remain un-stained. 

This result confirmed that the PDMS well has the ability to contain the dispase and/or phalloidin 

within the well and the attached cells under PDMS were not torn off. Right image shows a 

partially torn cell sheet with apparent contraction (purposely torn only for showing, with three 

edges detached to assess contraction and attachment to the substrate). These images also provide 

evidence to confirm the effectiveness of dispase lifting. (C) Nuclei tracking was used to verify 

that lifted sheets were subject to the same strain as controls. The representative images show 

changes in length between pairs of three randomly picked nuclei centroids. No significance 

difference is observed between the attached and lifted sheets. (D) Viability testing show that 

cells are effectively 100% viable, with no significant differences among the six tested conditions 

(0% unstretched control and 5% strain). Please refer to Figure 3.S1 for additional viability tests 

at 3%, 10% and 20% strains. 

 

3.3.2 Stretch induces reinforcement of lifted cell sheet cohesion 

We next assessed whether mechanical conditioning can significantly alter biomechanical 

properties such as cell-cell adhesion strength. We chose to use stretch for mechanical 

conditioning since stretch is a well-known potent stimulus for various functions, such as growth, 

remodeling, gene expression and is relevant for skin. Interestingly, the effects of stretch 

conditioning on cell-cell adhesion of lifted sheets have not been directly measured. Two tests 
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were used to assess cell-cell adhesion strength: (1) a tensile test which consisted of slowly 

stretching the cell sheet uniaxially until the sheet (or membrane) breaks, and (2) a shear test 

which consisted of removing and shearing the lifted region and measuring the shearing time until 

the sheet fragments. The former represents a measure of the maximum strain of the cell sheet and 

the latter represents a measure of overall cell sheet cohesion (the overall strength). Both tests 

were carried out on lifted sheets stretched at 3, 5, 10 and 20% strains for either four or twenty-

four hours, and compared to matched unstretched lifted sheets (for clarity, while the tensile test 

involves stretching, further references using the term “stretch” refer to mechanical conditioning, 

while the tensile test will be referred to by name). Mechanical conditioning at 3% and 5% strain 

resulted in a 68% and 60%  increase in maximum sheet extension before failure in the tensile test 

at 4 hours (Figure 3.2A), and a 77% and 87% increase in sheet shearing time (Figure 3.2C) at 4 

hours, respectively. Similarly, mechanical conditioning at 3% and 5% strain resulted in a 73% 

and 82%  increase in maximum sheet extension before failure in the tensile test at 24 hours 

(Figure 3.2B), and a 112% and 93% increase in sheet shearing time (Figure 3.2D) at 24 hours, 

respectively. However, increasing strain to 10 and 20% resulted in no significant increase in cell-

cell adhesion strength, and in fact at 24 hours, this strength actually decreased compared to 

unstretched controls for 20% strain. These results quantitatively demonstrate that mechanical 

stretch regulates sheet mechanical properties when cell-cell interactions dominate. 
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Figure 3. 2 Stretch induces reinforcement of substrate-free sheets strength and cohesion. 

(A) The tensile tests show that stretch at 3% and 5% strain resulted in a significant increase in 

maximum sheet extension before failure at (A) 4 hours and (B) 24 hours, normalized to 

unstretched controls respectively. However, increasing strain to 10 and 20% resulted in no 

significant increase in maximum sheet extension, and in fact at 24 hours, it actually decreased 

compared to unstretched controls for 20% strain. The shear tests show significant increase in 

sheet cohesion strength or sheet broken time after stretch at (C) 4 hours and (D) 24 hours, 

normalized to unstretched controls respectively. Similarly, increasing strain to 10 and 20% 

resulted in no significant increase in cell-cell cohesion strength, but decrease compared to 

unstretched controls for 20% strain at 24 hours. 
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3.3.3 Actin distribution is significantly altered in lifted cell sheets 

Since cell-cell adhesion is increased with mechanical conditioning, we next examined actin 

expression, working from previous data showing that the actin cytoskeleton is an essential 

contributor to cell sheet cohesion [12]. To determine the changes to actin expression and 

distribution in mechanically conditioned cell sheets, we stained cells under four different 

experimental conditions – attached or lifted; and with or without cyclic mechanical stretch 

conditioning. Unstretched attached cells generated stress fibers throughout the cell. After losing 

cell-substrate contact, the lifted cells lost cytoplasmic stress fibers and exhibited primarily 

cortical localization of actin at cell-cell contact regions (Figure 3.3A, top row).  

In response to cyclic stretch, adhering cells exhibited stronger overall staining for actin, 

while cells in the lifted regions exhibited stronger cortical staining of actin (Figure 3.3A, bottom 

row). Quantification of the fluorescence signal at cell-cell junctions showed that the percentage 

of cortical actin was significantly increased from 39% to 60% after being lifted, or to 52% after 

being stretched while attached (Figure 3.3B). Stretched, lifted cells exhibited highest percentage 

of cortical actin at 74%. Stretching and/or lifting lead to significant increases in actin at, or near, 

cell-cell junctions, which may contribute to increased cell-cell adhesive strength. 

We next measured the level of total cellular actin, under the same conditions of lifting 

and stretching. Western blot analysis revealed that the loss of cell-substrate contact resulted in a 

79% decrease in the total expression of actin (Figure 3.3C, 3.3D). Cyclic stretch caused a 55% 

up-regulation of actin in cells that remained attached; however, actin levels were not 

significantly altered by stretch in the lifted cells. Thus, for cells in the substrate-free region, both 

the spatial arrangement and expression level of actin cytoskeleton are significantly altered when 
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cell-cell interactions dominate. These results suggest that the majority of actin is used for 

establishing and maintaining components for adhesion to the substrate. 

 

Figure 3. 3 Actin localization and expression is altered in mechanically-conditioned lifted cells. 

(A) Fluorescence images of actin in unstretched control cell (top left), unstretched lifted (top 

right), stretched control (bottom left) and stretched lifted (bottom right) show that the spatial 

arrangement of the actin cytoskeleton is significantly altered when cells are lifted or 

mechanically conditioned. Green: actin, Blue: nucleus. Scale bar: 10 µm. (B) Quantification of 

the percentage of cortical actin, showing highest levels of cortical actin in cells that are both 

lifted and stretched. (C) and (D) Western blot analysis shows significant upregulation of total 

cellular actin in response to stretch in adherent, but not lifted, cells. Significant decrease in total 
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cellular actin occurred after losing cell-substrate adhesion. The y-axis represents relative actin 

expression level, with values normalized to the unstretched control. GAPDH was used as a 

loading control. * p<0.05, **p<0.01. 

 

3.3.4 Actin or ROCK disruption mechanically weakens lifted cell sheets 

Actin-myosin coupling participates in force generation among neighboring cells [33]. To 

determine whether intact actin or myosin regulates the cohesion of lifted cells, cytochalasin D 

(CytoD) or Y-27632 (a selective inhibitor of the Rho-associated kinase ROCK) was used to 

disrupt those processes, respectively. Each type of disruption substantially altered actin 

distribution in lifted cells, leading to diffuse distribution of actin throughout the cell (Figure 

3.4A). Tensile and shear testing showed that disruption of either actin or myosin interactions 

weakened lifted sheet maximum strain (Figure 3.4B, a 71% and a 50% reduction, respectively) 

as well as sheet cohesion (Figure 3.4C, a 60% and a 56% reduction, respectively). The increased 

fragility of the lifted cells was apparent when mechanical conditioning led to significant tears in 

the lifted region before any measurements could be made. These results confirm the importance 

of actin and myosin interactions in maintaining cell sheet strength and cohesion, and provide the 

first quantitative data of ultimate mechanical strain for cell-cell adhesion under these treatment 

conditions.  
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Figure 3. 4 Actin or actin-myosin disruption weakens lifted cell sheet strength and cohesion. 

(A) Fluorescence images of actin-stained lifted sheets, in unstretched control (top left), 

unstretched CytoD treated (top middle), and unstretched Y27632 treated (top right), stretched 

control (bottom left), stretched CytoD treated (bottom middle), and stretched Y27632 treated 

(bottom right). Scale bar: 10 µm. (B) Tensile tests shows that treatments with CytoD or Y2763 

lead to significant reductions in maximum sheet strain before failure. (C) Shear tests shows 

significant diminishments in sheet cohesion with treatment of CytoD or Y27632. *p<0.05, 

**p<0.01 compared to the matched untreated control. 
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3.3.5 Plakoglobin expression is significantly altered in lifted cell sheets 

One of the major functions of certain cell-cell junctions is to glue cells together and connect the 

cytoskeletons of adjacent cells [8,9,11,29,71]. Plakoglobin, a key molecular constituent that 

resides in both adherens junctions and desmosomes, is essential for maintaining cellular viability 

in substrate-free conditions [11]. Further, plakoglobin exhibits stretch induced upregulation 

under conventionally plated conditions [75,76]. Plakoglobin was thus examined using the same 

four conditions as actin to assess its role in modulating cell properties when cell-cell interactions 

dominate. After losing cell-substrate contact, the lifted cells exhibited primarily junctional 

localization of plakoglobin, which appears to colocalize with actin (Figures 2.5A and 2.5B). 

After cyclic stretch for 4 hr at 5% strain and 1 Hz, adhering cells significantly increased 

plakoglobin throughout the cell. Stretched lifted cells exhibited enhanced junctional 

immunoreactive signal, again appearing to colocalize with actin (Figure 5A and 5B). The 

percentage of plakolgobin’s immunoreactive signal at the junctions was significantly increased 

from 62% in unstretched control cells to 89% after being lifted, or to 85% after being stretched 

while remaining attached (Figure 3.5C). Stretched lifted cells exhibited the highest percentage of 

junctional plakoglobin at 98 % (Figure 3.5C). 

Western blot analysis (relative to unstretched, unlifted cells) revealed that lifting cells 

resulted in a 42% decrease in the total expression level of plakoglobin (Figure 3.5D and 3.5E). 

Cyclic stretch led to a 17% upregulation of plakoglobin in attached cells. After lifting, cyclic 

stretch led to a 53% upregulation of plakoglobin (Figure 3.5D and 3.5E), or an increase of 166% 

when compared to the unstretched, lifted cells. Thus, for cells in the lifted region, both the spatial 

arrangement and expression level of plakoglobin are significantly altered, but with differences 

from actin. While both total actin and plakoglobin expression dropped significantly on lifting, 
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plakoglobin remains significantly mechanoresponsive, while actin’s sensitivity is considerably 

diminished. 

 

Figure 3. 5 Plakoglobin localization and expression is significantly altered in lifted cells. 

Immunofluorescence images are shown of (A) plakoglobin and (B) triple staining for 

plakoglobin, actin and nuclei in unstretched control (top left), unstretched partial-lifted (top 

right), stretched control (bottom left) and stretched, partial-lifted (bottom right) cells. Partially-
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lifted sheets were subjected to cyclic stretch for 4hr at 5% strain and 1 Hz before staining. Red: 

Plakoglobin (PG), Green: actin, Blue: nucleus. Scale bar: 10 µm. (C) Quantification of junctional 

plakoglobin reveals elevated junctional accumulation in both lifted and stretched cells. (D) and 

(E) Western blot analysis shows significant reduction of total cellular plakoglobin when cell-

substrate adhesion was lost, while cyclic stretch caused substantial up-regulation of plakoglobin, 

especially in the lifted cells. * p<0.05, **p<0.01. 

 

3.3.6 Plakoglobin knockdown mechanically weakens lifted cell sheets 

Due to the responsiveness of plakoglobin in lifted cells, RNA interference was next used to 

determine the role of plakoglobin in regulating sheet cohesion. Bright field images of lifted cells 

acquired four days after plakoglobin knockdown demonstrated small tears in the cell sheets, 

while stretched lifted sheets exhibited significant tears (Figure 3.6A). Immunofluorescence 

staining showed diminished plakoglobin expression in both unstretched and stretched cases. To 

confirm the effects of siRNA knockdown, western blot analysis of siRNA transfection was 

performed. Lifted cells transfected with plakoglobin siRNA displayed a 77% reduction of 

plakoglobin expression level relative to cells transfected with negative control siRNA (Figure 

3.6B and 3.6C). Stretch caused a 57% up-regulation of plakoglobin expression level. 

Interestingly, even with plakoglobin knockdown, stretch induced a nearly threefold increase in 

plakoglobin expression. 

Next, tensile tests and shear tests were performed to evaluate the mechanical strength and 

cohesion of the siRNA transfected sheets. Mechanical tests were performed on unstretched lifted 

sheets with plakoglobin siRNA knockdown and compared to matched untreated lifted sheets. 
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Similar to actin disruption, plakoglobin siRNA knockdown led to more fragile sheets (a 96% 

reduction in maximal strength, Figure 3.6D, and an 87% reduction in sheet cohesion, Figure 

3.6E). The tears in mechanically conditioned sheets precluded tensile testing or cohesion 

measurements. These results further confirm the importance of junctional plakoglobin in 

maintaining sheet mechanical properties, but also provide support for the notion that mechanical 

forces directly regulate cell-cell junctional dynamics. 

 

Figure 3. 6 Plakoglobin RNA interference weakens mechanical strength and cohesion of the 

substrate-free sheets. 
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(A) Bright field and immunofluorescent images of plakoglobin, and fluorescent images of actin 

in unstretched control (top left), unstretched plakoglobin siRNA knockdown (top right), 

stretched control (bottom left) and stretched PG siRNA knockdown (bottom right) in lifted cells. 

Red: plakoglobin (PG), green: actin, blue: nucleus. Scale bar: 10 µm. (B) Western blot analysis 

of plakoglobin four days after transfection (PG siRNA KD). GAPDH was used as a loading 

control. (C) Quantification of relative plakoglobin level in each western blot lane, with values 

normalized to the untreated control. Western blot analysis shows significant reduction of total 

cellular plakoglobin with siRNA knockdown. Stretch significantly increased plakoglobin 

expression levels compared to their respective unstretched controls. Both (D) Tensile test 

measuring ultimate broken strain and (E) shear test measuring cell-cell adhesion strength show 

siRNA knockdown of plakoglobin significantly weakened the lifted sheets’ cohesion. *p<0.05 

and **<p<0.01 compared to the matched untreated control. 
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3.4 Discussion 

In this study we developed a novel enzyme-based, noninvasive harvest method to generate 

partially-lifted substrate-free cell sheets which can be manipulated and assayed. Experimentation 

on these partially lifted cell sheets provide critical information on cell-cell interactions, which 

have numerous downstream applications in tissue engineering, investigation of certain genetic 

and autoimmune diseases, as well as embryonic development and cell and tissue mechanics.  

This study primarily focused on the characterization of cell-cell junction in cells without 

substrate and very limited extracellular matrix support. We demonstrated that when cell-cell 

interactions dominate, the basic physiology of cells is significantly altered. Intercellular junctions 

may be mechanically-sensitive signaling hubs that participate in mechanotransduction [167,168]. 

Our data are consistent with the notion that the cell’s ability to convert physical perturbations 

into signaling cascades is based on the integrity of the junctional-cytoskeletal linkages 

[8,9,11,29,71]. Moreover, stretch is a well-known potent stimulus for many cell functions 

[29,167]. Upon stretching, applied physical force may stiffen the intercellular junctional-

cytoskeletal network through mechanical strain-stiffening [169,170] or signaling-mediated 

reinforcement [4,157]. Therefore, force-induced junctional assembly and accumulation can serve 

as a self-protective mechanism and dissipate mechanical stress across intercellular 

junctions/cytoskeletal network more effectively. We hypothesize that when cell-cell interactions 

dominate and are subject to stretch stimuli, increased tension at intercellular junctions leads to 

recruitment of junctional components, leading to further enhancement of junctional tension in a 

positive mechanosensory feedback loop [171,172]. Previously characterized elevated 

intercellular contraction, junctional reinforcement and increased cohesion are consistent with this 

hypothesis [11,12].  
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Further, understanding cell-cell interactions is important for generating strategies for 

conditioning cell sheets or other constructs for tissue engineering purposes, or at least to define 

some limitations of cell-sheet engineering. Thus, results from the characterization of how 

different cytoskeletal components contribute to cell sheet cohesion and contraction have broad 

application. To determine the contribution of different parts of the cytoskeleton to cell sheet 

mechanics, we assessed the changes to the cytoskeleton from dispase lifting as well as from 

pharmaceutical or siRNA-based disruption of each of the major cytoskeletal components. 

Consistent with the idea that the intermediate filaments contribute to tissue strength, we show 

that keratins are at least as important as actin in establishing cell sheet cohesion, even though 

actin clearly localizes to cell-cell junctions, whereas microtubules and intermediate filaments 

appear less prominent at these junctions. Disruption of microtubules also diminishes cell sheet 

strength, suggesting that all components of the cytoskeleton likely play significant roles in 

establishing cell sheet cohesion. While increased cell sheet fragility may also be due to cell 

rupture (similar to what is observed in blistering diseases), the role of the cytoskeleton remains 

vital to keeping the cell sheet whole. 

 In this study we show that all components of the cytoskeleton are important for regulating 

the properties of the cell sheet, but that in particular the intermediate filaments, which are 

generally not well-studied, play a significant role in maintaining cell sheet cohesion and 

potentially in regulating cell sheet contraction. Thus, optimization of cell sheet engineering may 

benefit from manipulation of all three components of the cytoskeleton, such as via mechanical 

conditioning. Additionally, our previous work in Chapter 2 suggests that cell sheet contraction is 

a mechanism for parts of the cell cytoskeleton to reinforce cell-cell junctions [11]. Combined 

with our previous work in Chapter 2 and another cytoskeleton study [36], we can propose the 



77 

 

 
 

following for tissue-engineering applications. If cells sheets are initially too fragile for use, 

extended incubation in suspension will yield improved cohesion at the cost of usable area for the 

tissues being repaired. Alternatively, if cell sheet cohesion is extremely strong, then pretreatment 

with either actomyosin-, actin- or keratin-disrupting compounds will yield increased area at the 

cost of increased fragility. Microtubule disruption yields increased fragility without a 

corresponding preservation in cell sheet size and thus is likely not useful to creating larger, 

stronger sheets. Thus, mechanical conditioning the partially lifted cell sheet may provide a 

solution to generate stronger and meanwhile non-contracted cell sheet. 

For tissue engineering purposes, this study demonstrates that it is possible to 

mechanically precondition dissociated cell sheets. If the monolayer is intended for 

transplantation (by patching, for example) into tissues, then such preconditioning may alleviate 

fragilities associated with dissociation from the monolayer [36,104,151,173]. As far as we know, 

the partial-lift method represents the first technique for achieving this goal since current work is 

primarily limited to simple, short-term manipulations [43]. We additionally demonstrate that 

because the lifted cells exhibit vastly different physiologies, in terms of total cellular content of 

actin and plakoglobin (and likely other proteins), pre-lifting the cells may offer an opportunity 

for the cells establish a new, different distribution of junctional proteins, prior to use. We offer 

the partial lift method as one that achieves theses advantages by allowing the cell sheet to remain 

attached at edges to neighboring cells, which maintains a cellular environment friendly to the 

lifted cells, prevents significant contraction associated with full dissociation, and permits a 

variety of chemical and mechanical manipulation, although obtaining mechanical readouts, such 

as via optical tweezers or AFM, are challenging. This method is also suited for studies of cellular 

physiology for development [31,118], where substrates play a reduced role during key junctures, 
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as well as diseases where cell-cell interactions are altered [45,48]. Thus this study provides a 

method to engineer tissues by mimicking environments where cell-cell interactions need to be 

tuned or tested. 

Cell sheet engineering offers a potential method for reconstructing well-organized cell-

dense tissues in vitro, and meanwhile avoiding the potential scaffold-associated limitations. So 

far several cell sheet harvesting approaches have been developed. For example, one approach 

using modified thermo-responsive polymeric surfaces [84,104,105]; however, two drawbacks for 

this technique are high cost of preparing the modified surface and long cell sheet harvesting time, 

which typically takes an hour. Another approach used magnetic beads [174]; however, this 

technique requires peptide-conjugated magnetite cationic liposomes coating, a magnetic field 

and potential dose-dependent detrimental effect on cell proliferation and metabolism [175]. 

Another approach used electrochemical desorption of self-assembled monolayer of alkanethiol; 

however, the desorbed alkanethiol molecules may remain bound in the cell membrane proteins of 

the detached cells [176]. Here we present a cell sheet harvesting technique using dispase, a 

proven rapid, effective and gentle protease, which has been used for separating intact epidermis 

from the dermis and intact epithelial sheets in culture from the substratum, in which it selectively 

cleaving the basement membrane zone region while preserving the viability of the epithelial cells 

[177]. Studies using human keratinocytes showed that dispase removes the lamina densa, rich in 

type IV collagen, but preserves the type VII collagen-containing anchoring fibrils and the 

epidermal cells [130,177,178]. Another study using collagenase treatment showed that that 

cytoskeleton and fibronectin matrix of human periodontal ligament cells was maintained in the 

cell sheet after 2 hours long collagenase treatment, resulting in the formation of a detached and 

shrunken cell sheet [179]. On the other hand, Lim et al. have reported the disruption of several 
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ECM molecules ultrastructure with increasing duration of dispase incubation [180]. Thus, the 

effects on dispase treatment on ECM structure dependent on cell-type and incubation time, and 

suitability of the enzyme for detaching a particular cell line should be determined empirically. 

Our dispase-based partial-lift technique takes as little as 15 minutes, resulting in a human 

keratinocyte cell sheet with selectively cleaved ECM. Additional tests have showed that our cell 

sheet has the ability of re-plantation on another culture surface or living tissue and the 

maintenance of sheet structure (data not shown). Thus, our dispase-based partial-lift scaffold-free 

cell sheet harvesting approach has the advantage of being biocompatible, easily applicable, 

rapidly collectable and stretchable. The novel technique is desired for building in vivo-like 

constructs for tissue engineering applications.  

In conclusion, we show that the partial-lift method results in cells sheets that engage 

primarily intercellular interactions, and demonstrate that lifted cells respond by altering their 

baseline behavior while remaining sensitive to mechanical conditioning. These findings suggest 

that cytoskeleton and tightly associated intercellular junctions may be crucial for unlocking the 

potentials for cell sheet engineering, which has emerged as a promising approach to 

reconstructing various types of laminar tissues, such as skin, myocardium, cornea, and vascular 

systems, etc. without using any biodegradable scaffolds. Of particular interest is heart tissue 

regeneration. Further, this study provide a solid foundation for extend partial-lifting technique to 

heart tissue regeneration, in part due to existing strong interest in characterizing and improving 

cell sheet properties for cardiac sheet engineering, and in part because they exhibit similar and 

strong cell-cell interactions, including desmosomes. 

  



80 

 

 
 

3.5 Supplemental figure 

 

Figure 3. 7 Supplemental Figure S1 Additional viability tests of partially-lifted cell sheets. 

(A) Schematic illustration (side-view) of the partially-lifted cell sheet. Cells were divided to 

three categories: control intact cells, control cells under PDMS mold and lifted cells. Diagram 

not to scale (there is more than one cell under the PDMS mold). (B) Viability testing show that 

all cells at 0% unstretched control, 3% strain, 5% strain, 10% strain and 20% strain are 

effectively 100% viable, independent of their plating location, with no significant differences 

among the tested conditions.  
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Chapter 4 Characterization of partially-lifted cardiomyocyte cell sheets 

4.1 Introduction 

Heart disease, including myocardial infarction (MI) and congestive heart failure (CHF),  is 

currently the leading cause of death in the USA and is rapidly becoming one of the leading 

causes of global mortality [90,91]. Though recent studies have demonstrated that there is limited 

regeneration potential in the adult heart, the turnover capability of the heart itself after MI cannot 

compensate for the large-scale tissue and contractile function loss [92,93]. Heart transplantation 

is still the gold standard for treating CHF [96], but its benefits are limited by donor scarcity and 

further complicated by the need for lifelong immuno-suppression therapy [97,98]. Consequently, 

there exists a need for alternative and innovative strategies.  

Cardiac cell sheet tissue engineering has recently emerged as a promising therapeutic 

option for the repair of damaged heart tissue [109,110]. This technique uses cultured cells 

detached from substrates without the disruption of intercellular junctions that are critical for 

myocardial adhesive strength, excitation-contraction coupling and mechanotransduction 

[59,60,72,181,182]. Furthermore, cardiac cell sheet engineering may allow for the development 

of cardiac tissues without the use of external biomaterial scaffolds. However, scaffold-free 

cardiac sheets are mechanically fragile, typically requiring heterogeneous external supports such 

as chitin membranes, or stacking of multiple sheets [109,110,151]. It remains to be seen whether 

a single scaffold-free cardiac sheet can withstand mechanical forces required to function as 

cardiac muscle under in vitro biomimetic physiological condition. Further, when no external 

support was used, the detached cardiac sheets size shrank by 90% and ceased spontaneous 

beating [151]. Though shrinking may lead to stronger cell sheets, as indicated in our previous 
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work in Chapter 2 and other studies [11,12], it also significantly impairs the sheet’s ability to 

provide sufficient coverage in the cardiac tissues being repaired. Therefore, it is desirable to 

develop a novel method to generate mechanically conditioned and minimally shrunk substrate-

free, scaffold-free cardiac cell sheets. 

Such a method must rely on mechanisms by which cardiac sheet biomechanical 

properties are regulated. Recent work has emphasized the critical roles that cell-cell junctional 

proteins play in regulating cell sheet mechanics, in conjunction with the actin cytoskeleton 

[8,9,11,29,71]. The heart is a dynamic organ that requiring cardiomyocytes to be mechanically 

durable and capable of sensing, transducing and converting a variety of environmental signals 

[72]. Cardiomyocytes are connected by intercalated discs which are composed mainly of an 

amalgamation of typical desmosomal and fascia adherens proteins [183-185]. Mutations in these 

proteins, notably plakoglobin, have been reported lead to diseases characterized by increased 

tissue defects and fragility, particularly in skin and cardiac tissues that are constantly subject to 

mechanical stimuli [8,9,22,46,48,60,61]. Furthermore, cardiac muscle functionality relies on the 

correct assembly of myofibrils, which are composed of tandem arrays of sarcomeres and closely 

associated with intercalated discs [186]. Abnormalities in actin cytoskeletal dynamics are 

associated with many pathological disorders such as myofibrillar myopathies [187]. These 

studies suggest that force homeostasis across the cardiac cell junctions-cytoskeleton network 

may play key roles in regulating biomechanical and physiological properties of the cardiac cell 

sheets. Therefore, there is a need for a systematic characterization of cardiac cell-cell junctions 

and closely associated sarcomeric actin filaments. However, our knowledge regarding how these 

protein complexes regulate cardiac sheet mechanical properties, such as cell-cell adhesion 



83 

 

 
 

strength, calcium signaling, mechanotransduction and other baseline cellular properties, remains 

poor.   

Externally applied mechanical stretch is an extrinsic cue that induces intrinsic changes in 

cell size and gene expression [188-191]. Application of mechanical stimuli has been 

demonstrated to be an attractive strategy for tissue engineering mechanically functional cardiac 

tissues [111-115]. However, previous studies were generally performed in adherent cell models 

which maintain cell-substrate interactions and as a result, may introduce mixed responses into 

the readouts. The study in Chapter 3 has showed that externally applied mechanical stretch 

improved the biomechanical properties of a substrate-free keratinocyte sheet. It remains to be 

seen whether similar mechanical conditioning can improve the biomechanical properties of a 

substrate-free cardiac sheet. 

The keratinocyte study in Chapter 3 provides a solid foundation for extend partial-lifting 

technique to cardiac sheet engineering. Our aim here is to extend this technique to 

cardiomyocytes for eventual application to cardiac tissue repair, and to assess commonalities and 

differences between the different cell types treated with this technique. However, 

cardiomyocytes do not form as robust a monolayer as keratinocytes, and fragment very easily 

upon dissociation. Further, cardiac myocytes have additional functional requirements, such as 

maintenance of robust calcium responses, which must be examined We hypothesize that in 

regions of primarily cell-cell contact, cardiac myocytes will respond to mechanical stretch by 

reinforcing junctional proteins and increasing cell-cell adhesion strength.  Further, myocyte 

calcium responses and rheological properties will be enhanced by mechanical stimuli. To our 

knowledge, this study presented a first systematic examination of mechanical conditioning on 

cardiac cells with primarily intercellular interactions. Moreover, this partial-lift technique 
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enables us to generate mechanically strong, minimally shrunk substrate-free cardiac sheets with 

enhanced beating and calcium signaling functionality.   
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4.2 Methods 

4.2.1 Isolation and culture of neonatal rat cardiomyocytes 

Unless otherwise noted, media, supplements and reagents were purchased from Invitrogen 

(Carlsbad, CA). Neonatal rat cardiomyocytes were isolated from 1-day-old Wistar rat pups 

(Charles River, Wilmington, MA) following a protocol approved by the committee on animal 

care at Columbia University. Briefly, the pups were decapitated, their hearts extracted and placed 

in a dish containing HBSS (Cellgro, Manassas, VA) supplemented with 10 units/mL penicillin 

and 10 µg/mL streptomycin. The hearts were then minced, collected and subjected to a series of 

enzyme digestion (10 minutes each at 37°C, 75 rpm in shaking water bath) with trypsin (0.14%) 

and pancreatin (0.22mg/mL, Sigma) in HBSS. After digestion, the cells were then pooled and 

resuspended in M199 culture medium supplemented with 10% Newborn Calf Serum (NCS), 

plated in a culture-treated flask for further enrichment (3 hours at 37°C, 1% CO2 incubator). 

After 3 hours, the supernatant containing cardiomyocytes were passed through a 40 μm filter to 

remove debris, harvested and maintained in M199 culture medium supplemented with 10% NCS 

and 10 units/mL penicillin/streptomycin. Bromodeoxyuridine (BrdU, 100 μM; Sigma-Aldrich) 

was added to the growth medium to minimize proliferating fibroblasts and progenitor cells 

[192,193]. The isolated cardiomyocytes were seeded at a density of 1.5 x 10
6
 cells per PDMS 

mold. 

Pre-coating of elastic membrane. A custom-made 28mm x 12mm PDMS mold was placed on 

0.005” thick silicone sheeting (SMI, Saginaw, MI) pre-installed in a 100 mm diameter custom-

made stretch device chamber (Figure 4.1). The membrane area inside the PDMS mold were pre-

coated with type I collagen (0.2 μg/mL, BD Biosciences, Bedford, MA) for 30 minutes at room 
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temperature. The PDMS mold was then washed with HBSS and sterilized using an ultraviolet 

lamp overnight before cell seeding. 

4.2.2 Antibodies and reagents 

The primary mouse monoclonal antibodies anti-plakoglobin (γ-Catenin) and anti-GAPDH 

(Novus Biologicals) were used for immunoblotting. Immunofluorescence staining were 

performed using mouse anti-plakoglobin, anti-cardiac troponin I (Biodesign), anti- sarcomeric α-

actinin (Sigma) and anti-pan cadherin (Sigma) IgG as the primary antibodies and Alexa Fluor 

594 goat anti-mouse IgG as the secondary antibody (all at 1:1000 dilutions). Alexa Fluor 488 

conjugated phalloidin at a concentration of 0.5 µg/mL in HBSS was used for the actin stain. 

Hoechst was used at a concentration of 0.5 µg/mL for nuclear staining. All staining was 

performed for 1 hour at 37°C on day 4 post seeding.  

4.2.3 Fluorescence microscopy 

Cells were fixed in 4% paraformaldehyde (Sigma) and then permeabilized with 0.1% triton-X-

100 (Sigma). For plakoglobin-nucleus co-staining, cells were incubated in the monoclonal anti-

plakoglobin primary antibody and Hoechst together for an hour at 37°C, followed by PBS 

washes and then secondary antibody incubation for another hour, washed again and then imaged. 

For actin-nucleus co-staining, cells were incubated in the phalloidin and Hoechst together for an 

hour at 37°C, followed by PBS washes and then imaged. For plakoglobin-actin-nucleus triple-

staining, cells were incubated in the monoclonal anti-plakoglobin primary antibody, the 

phalloidin and Hoechst together for an hour at 37°C, followed by PBS washes and then a 

secondary antibody incubation for another hour, washed again and then imaged. Microscopy was 

performed at room temperature using an Olympus FV10 Confocal microscope, an Olympus 

OPLFLN 40X O NA 1.3 objective, and Olympus FV10-ABW Software. Images were processed 
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using ImageJ (version 1.43u for Windows; National Institutes of Health) and Photoshop (Adobe) 

to prepare the final figures [127-129]. Imaging conditions were identical for each experiment and 

analyses were done using the raw fluorescence images. Relative actin or plakoglobin intensities 

were quantified by ImageJ, with values normalized to untreated control (i.e. unstretched, unlifted 

cells) signals. The percentage of actin or plakoglobin signal at the junctions was calculated as 

signal intensity at the junctions divided by the total signal intensity of the whole cells [74,76]. 

Images were brightness/contrast enhanced and fluorescent colors were added for clarity for 

presentation, after analysis was completed. 

4.2.4 Dispase-based partial-lift method 

To facilitate dispase lifting and minimize sheet rupture, on day 3 after seeding (one day prior to 

dispase lifting), a static pre-stretch (20%, 37°C for 24 hours) was added to the neonatal rat 

cardiomyocytes cultivated inside the PDMS mold. On day 4 post seeding, to stop actomyosin 

contraction [194] and facilitate dispase lifting while minimizing the tearing of the sheet, the cell 

monolayer within the PDMS mold was pre-treated with blebbistatin (2 µL, at a final 

concentration of 10 µM in culture medium, Sigma) prior to dispase lifting (30 minutes, 37°C). 

After aspirating the blebbistatin media off the cells, the PDMS mold was gently removed and 

then immediately re-placed perpendicularly on top the cell monolayer, so that only the center 

portion of the monolayer would be lifted, while the edges of the monolayer, underneath and 

outside the PDMS mold, would remain attached to the membrane. The part of the cell monolayer 

inside the PDMS mold was then treated with dispase (0.5 mL at a concentration of 1 units/mL in 

M199 medium) supplemented with blebbistatin (0.5 µL, at a final concentration of 10 µM) at 

37°C for 3 minutes until the monolayer lifted from the elastic membrane. This new partial lift 

method significant conserves cells, which is important for cardiomyocytes due to their limited 
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regeneration potential. Moreover, the shape of lifted region is slightly different from the 

keratinocytes lifting method, and is more closely related to the normal longitudinal and radial 

strains of left ventricular deformation. The unique square-shaped lift cardiomyocyte sheet is 

bordered by adherent cardiomyocytes at left and right side; the open edges on upper and lower 

sides facilitate access of dispase and manipulation.    

4.2.5 Mechanical tests and cyclic stretch 

A previously-established shear test protocol that was developed in our group for keratinocyte 

study and other groups performed to test cell sheet cohesion, and thus cell-cell adhesive strength 

[11,76,131,164].Tensile tests were performed using an Instron ElectroPlus E1000 All-Electric 

Test Instrument (Instron, Norwood, MA). Strain was calculated as the ratio of the change in 

length to the original length (e=ΔL/L0) and the maximum sheet strain or extension before failure 

was measured. Cardiomyocytes were subjected to equiaxial cyclic stretch at 5 or 20% strains for 

either two or six hours at 1 Hz using a custom equiaxial stretching device (with uniform strain 

fields, as previously described [163]) maintained in a cell culture incubator. Unless otherwise 

noted, partially lifted cardiac sheets were subjected to equiaxial cyclic stretch for 2 hours at 20% 

strain and 1 Hz.  

4.2.6 siRNA knockdown of plakoglobin 

A Silencer® Pre-designed siRNA for plakoglobin (5’-3’: GGGCAUCAUGGAGGAGGAUtt), a 

negative control siRNA (Invitrogen) were used. Cells were transfected using TransIT-siQUEST 

(Mirusbio, Madison, WI), according to the manufacturer's instructions. Transfection was 

performed using 50 pmol siRNA oligomer or 50 pmol DNA plasmid and 3 µl TransIT-siQUEST 

for each sample in the PDMS mold. On day 3 after transfection (i.e. one day prior to dispase 

lifting), cells were pre-stretched (20%static stretch, 37°C) for 24 hours. On day 4 after 

http://www.instron.us/wa/product/ElectroPuls-E1000-All-Electric-Instrument.aspx
http://www.instron.us/wa/product/ElectroPuls-E1000-All-Electric-Instrument.aspx
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transfection, cells were lifted, cyclically stretched (when applicable) and then harvested and 

analyzed for experimentation. 

4.2.7 Immunoblotting 

Cells were lysed with RIPA buffer (Sigma) and total protein concentration was determined by 

Bradford assay (Sigma). Soluble fractions containing equal amounts of total protein were 

separated using SDS polyacrylamide gel electrophoresis and transferred onto PVDF membranes 

(Millipore, Billerica, MA). Immunoblotting was performed using mouse anti-human antibodies 

diluted in TBS with 1% w/v BSA and 0.1% v/v Tween-20 (Sigma) at the following dilutions: 

anti-Plakoglobin 1:1000, anti-actin 1:1000, anti-GAPDH 1:1,000, and horseradish peroxidase 

conjugated goat anti-mouse secondary antibody 1:1,000. Blots were developed with ECL (Perkin 

Elmer, Waltham, MA) and imaged using a FUJI imaging unit (Fujifilm, Stamford, CT). Relative 

plakoglobin intensity in immunoblotting images was quantified by ImageJ, with values 

normalized to GAPDH of each matching blot lane and then to the signal at untreated control.  

4.2.8 Calcium signaling 

Three days after cardiomyocyte seeding (i.e. one day prior to dispase lifting and Fluo-3 AM 

treatment), cells were pre-stretched (20% static stretch, 37°C) for 24 hours to facilitate dispase 

lifting and minimize sheet rupture. Four days after seeding, 10 μM Fluo-3 AM (an indicator of 

[Ca
2+

]i or Ca
2+

 transients signal intensity, excitation at 485 nm, emission at 520 nm) was added 

to cells cultivated in M199 culture medium for 1 hour in a cell culture incubator (37°C, 1% CO2) 

before dispase lifting. Before fluorescence measurements, cells were washed in M199 media to 

remove any dye that is non-specifically associated with the cell surface, and then incubated for a 

further 30 minutes to allow complete de-esterification of intra cellular AM esters. Fluorescence 

signals were recorded using an Orca CCD camera (Hamamatsu, Bridgewater, NJ, model 
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C10600), an Olympus LUCPLFLN 40X NA 0.75 objective, at a rate of 16 frames per second 

using MetaMorph Software at room temperature. Images of fluorescence intensity were 

processed using ImageJ. Relative changes in [Ca
2+

]i were calculated as differences between 

signal peak to signal base [195,196]. 

4.2.9 Particle-tracking microrheology 

Three days after cardiomyocyte seeding, cells were pre-stretched (20% static stretch, 37°C) for 

24 hours to facilitate dispase lifting and minimize sheet rupture. Particle-tracking microrheology 

was used to measure local viscoelastic properties of cardiomyocyte cytoplasm according to a 

previously established technique [166]. Briefly, 1 µL fluorescent beads of 0.5 µm in diameter at 

or working concentration 1.5 x 10
7
 beads/mL (1:50,000 dilution, Bangslabs, Fishers, IN) were 

added to the culture medium and then enter the cells via endocytosis. These beads were 

embedded in the viscoelastic cytoplasm and their properties are extracted from the thermal 

fluctuation subsequently tracked by digital fluorescence video-microscopy. The mean-square-

displacement (MSD) of the bead’s trajectory was used to quantify its amplitude of motions over 

different time scales [197-199]. Fluorescence signals were recorded using an Orca CCD camera 

(Hamamatsu, Bridgewater, NJ, model C10600), an Olympus LUCPLFLN 40X NA 0.75 

objective, at a rate of 16 frames per second using MetaMorph Software at room temperature. The 

storage modulus G′ and (B) loss modulus G″ were calculated according to a previously published 

protocol [166]. 

4.2.10 Statistical analysis 

Data are expressed as mean ± SD and compared by ANOVA and post-hoc. Normality tests are 

used to determine if a data set is well-modeled by a normal distribution. A value of p < 0.05 was 

considered significant, with each group having sample sizes n ≥3.  

http://en.wikipedia.org/wiki/Data_set
http://en.wikipedia.org/wiki/Normal_distribution
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4.3 Results 

4.3.1 Generation of partially-lifted cardiac cell sheets 

In this study we further refined the partial-lift technique to apply to cardiomyocytes. Table 4.1 

summarizes the partial-lift techniques explored for this study. Based on the advantages of 

disadvantages of each method in the keratinocyte study in Chapter 3, we repeated several proven 

effective methods and further developed additional methods specifically suitable for 

cardiomyocytes. A confluent rat neonatal cardiomyocyte monolayer plated on a flexible silicone 

membrane was selectively lifted by dispase inside a PDMS mold gently placed atop part of the 

culture area. Cells outside and under the PDMS mold remained attached to the membrane 

(Figure 4.1A). Thus, this novel technique enabled us to generate a partially-lifted minimally 

shrunk cardiac cell sheet. 

To ensure that neither PDMS mold, enzyme lifting, nor the application of cyclic stretch 

would lead to cell death, viability assays were applied to cells under six conditions: lifted, 

attached outside the PDMS or attached under the PDMS, and following cyclic stretch or 

unstretched. Cyclic mechanical stretch was performed using an equiaxial stretch device for 2 hr 

at 20% strain and 1 Hz. Cells were nearly 100% viable, with no significant differences among 

the six tested conditions (Figure 4.1B; Unstretched control intact 92.5 % ± 6.5%, Unstretched 

control under PDMS 91.1 % ± 6.8%, Unstretched lifted 93.7 % ± 3.2%, Stretched control intact 

92.5 % ± 5.7%, Stretched control under PDMS 90.7 % ± 4.5%, Stretched lifted 88.7 % ± 7.2%).  

Additional stretch tests were performed to validate the cells in the lifted regions were subject to 

the same strain as cells that remain attached according to a previously published protocol 

[165,166].    
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Table 4. 1 Development and evaluation of partial lift techniques for cardiac sheet 

Technique Method Results& Comments 

Partial lift: Inside 

PDMS  

*  

Cardiac cells seeded and  

monolayer formed inside PDMS 

mold that is placed on top of the 

membrane; the same mold is then 

re-placed perpendicularly on top 

the cell monolayer 

Pros:(1) Only sheet inside PDMS 

lifted; 2) maintain spontaneous 

beating 

Cons: Fragile sheet  

Partial lift: Inside 

PDMS  

Blebbistatin** 

Cardiac cells seeded and  

monolayer formed inside PDMS 

mold; supplemented with 

blebbistatin before and/or during 

and/or after dispase lifting inside 

the same PDMS mold  

Pros: Only sheet inside PDMS  

stronger lifted sheet 

Cons: 1) Spontaneous beating 

stopped; 2) bleb need to present all 

the time 

Partial lift: Inside 

PDMS  

Static pre-stretch 

** 

Cardiac cells seeded and  

monolayer formed inside PDMS 

mold; subject to 20% static pre-

stretch for 24hr prior to dispase 

treatment inside the same PDMS 

mold 

Pros: Only sheet inside PDMS  

lifted; 2) maintain beating; 3) sheet 

mechanically  stronger than un-

prestretched; 4) suitable for assays 

that require beating  

Cons: Without blebbistatin, sheet 

may shrink and rupture 

Partial lift: Inside 

PDMS  

Cyclic pre-stretch * 

Cardiac cells seeded and  

monolayer formed inside PDMS 

mold; subject to cyclic 20% stretch 

for 24hr at 1 Hz prior to dispase 

treatment inside PDMS mold 

Pros: Only sheet inside PDMS  

lifted; 2) maintain spontaneous 

beating 

Cons: Cyclic pre-stretch tears sheet 

Partial lift: Inside 

PDMS  

Static pre-stretch + 

Blebbistatin *** 

Cardiac cells seeded and  

monolayer formed inside PDMS 

mold; subject to 20% static pre-

stretch for 24hr prior to dispase 

treatment; supplemented with 

blebbistatin before, during and 

after dispase treatment 

Pros: Only sheet inside PDMS  

lifted; 2) maintain spontaneous 

beating; 3) sheet mechanically  

stronger than un-prestretched and 

un-bleb treated control 

Cons: beating stopped and thus 

unsuitable for certain assays  

Temperature-

responsive 

substrates  on 

elastic membrane *  

Cardiac ell monolayer grown on 

temperature-responsive substrates 

(Up-Cell dish) that is cut and 

placed on membrane is lifted after 

switching to room temperature 

Pros: Only sheet on Up-Cell dish 

lifted; 2) maintain beating  

Cons: 1) un-level surface  and 2) 

extremely fragile sheet along the 

Up-Cell dish periphery  

* Good, ** better, *** best. Ranking was based solely on actual results. 
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Figure 4. 1 Generation of partially-lifted cardiac sheets. 

(A) Schematic illustration of the partially-lifted cardiac sheet (1) before lifting as a confluent 

monolayer, (2) after lifting as a partially, freely suspended cell sheet, and (3) subject to cyclic 

stretch. Confluent cardiomyocyte monolayers were statically pre-stretched, then lifted by dispase 
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inside the PDMS mold, leaving the lifted region freely suspended; cells outside the mold 

remained adhered to the elastic membrane. Changes in actin (green) and plakoglobin (red) 

indicate anticipated changes in relative levels of the respective proteins in response to lift and/or 

stretch. (B) Viability testing show cells are effectively near 100% viable, with no significant 

differences among the six tested conditions. 

 

4.3.2 Stretch induces reinforcement of lifted cardiac cell sheet cohesion 

Scaffold-free cardiac sheets are generally mechanically fragile, typically requiring heterogeneous 

external supports or stacking of multiple sheets [109,110,151]. It remains to be seen whether a 

single scaffold-free cardiac sheet can withstand mechanical forces and more importantly, if 

mechanical forces can been utilized to improve the functionality of engineered cardiac sheets 

[75,123,124]. It has been demonstrated that externally applied mechanical stretch can induce 

intrinsic changes in junctional gene expression and remodel cell-to-cell communication in 

cultured cardiomyocytes [111-115,188-191]. However, previous studies were generally 

performed in adherent cell models which maintain cell-substrate interactions and as a result, may 

introduce mixed responses into the readouts.  

We assessed whether mechanical conditioning, or cyclic stretch, can significantly 

improve biomechanical properties such as cell-cell adhesion strength. Tensile tests and shear 

tests, developed in the keratinocyte study in Chapter 3, were used to assess cardiac cell-cell 

adhesion strength. Both tests were carried out on lifted cardiac sheets stretched at 5 or 20% 

strains for either two or six hours at 1 Hz, and compared to matched unstretched lifted cardiac 

sheets. Mechanical conditioning at 5% strain for 2 hours resulted in no significant increase in 
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cell-cell adhesion strength in both tests (Figure 4.2). However, increasing time to 6 hours 

resulted in a 54% increase in maximum sheet strain before failure in the tensile test (Figure 

4.2A), and a 107% increase in sheet shearing time (Figure 4.2B). Further, mechanical 

conditioning at 20% strain for 2 hours resulted in a 71% increase in maximum sheet strain before 

failure in the tensile test (Figure 4.2A), and a 114% increase in sheet shearing time (Figure 4.2B). 

These results quantitatively demonstrate that mechanical stretch can significantly improve 

cardiac sheet mechanical properties when cell-cell interactions dominate. Unless otherwise noted, 

all following mechanical stretch studies used the fast and effective 2 hours, 20% strain and 1 Hz 

protocol.
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Figure 4. 2 Stretch induces reinforcement of lifted cardiac sheets cohesion. 

(A) The tensile tests show that stretch at 5% strain 1 Hz for 6 hours (but not 2 hours) or 20% 1 

Hz for 2 hours resulted in a significant increase in maximum sheet strain before failure. (B) The 

shear tests show at 5% strain 1 Hz for 6 hours (but not 2 hours) or 20% 1 Hz for 2 hours resulted 

in a significant increase in sheet cohesion strength, normalized to matched unstretched lifted 

sheets. * p<0.05. 
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4.3.3 Actin is altered in lifted cardiac sheets and is critical for sheet cohesion 

Since cell-cell adhesion strength is increased with mechanical conditioning, we next examined 

expression of sarcomeric actin filaments, which is closely associated with intercalated discs 

consisting of mixed-type cell-cell junctions [183-185].  Our previous study showed that the actin 

cytoskeleton is an essential contributor to cell sheet cohesion [12]. To determine the changes to 

actin expression and distribution in mechanically conditioned cardiac cell sheets, we stained cells 

under four different experimental conditions – attached or lifted; and with or without cyclic 

mechanical stretch conditioning. Unstretched attached cells displayed sarcomeric actin filaments 

throughout the striated cardiac cells (Figure 4.3A, top left). After losing cell-substrate contact, 

the lifted cardiac cells maintained striated sarcomeric cytoarchitecture (Figure 4.3A, top middle). 

In response to cyclic stretch, both adhering and lifted cardiac cells exhibited brighter overall 

striation compared to their unstretched counterparts (Figure 3A, bottom left and middle). 

Moreover, the cardiomyocytes maintained their striated sarcomeric cytoarchitecture integrity 

after either detaching from the substrate or stretching, at least for short period of time [186]. 

These results suggest that mechanical stretch can influence the development of the sarcomeric 

structure in neonatal cardiomyocytes even without attachment to the substrate. 

To determine whether intact actin regulates the cohesion of lifted cardiac sheets, we next 

used cytochalasin D (CytoD) to disrupt actin. Actin disruption substantially altered actin 

distribution in lifted cells, leading to disorganized sarcomeric cytoarchitecture and diffuse 

distribution of actin throughout the cell (Figure 4.3A). We next measured the level of total 

cellular actin. Western blot analysis revealed that the loss of cell-substrate contact resulted in a 
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41% decrease in the total expression of actin (Figure 4.3B, 4.3C). Cyclic stretch caused a 29% 

up-regulation of actin in cells that remained attached; however, actin levels were not 

significantly altered by stretch in the lifted cells. Thus, for cells in the substrate-free region, both 

the spatial arrangement and expression level of actin cytoskeleton are significantly altered when 

cell-cell interactions dominate. In general, compared with adult human keratinocytes in Chapter 

3, rat neonatal cardiomyocytes display changes in a similar pattern, although the changes in 

cardiac sheets are smaller than those in keratinocytes. However, a notable difference is a 

majority of cytoplasmic actin structures in keratinocytes is lost on lifting, which resulted in a 79% 

decrease in the total expression of actin level (Figure 3.3). In comparison, only 41% decrease in 

the total expression of actin level was observed in cardiomyocytes and a majority of sarcomeric 

actin structures maintained, at least during the 6 hours study period.  

Tensile and shear tests showed that disruption of actin significantly reduced the 

maximum strain of the lifted cardiac sheet (Figure 4.3D, a 63% reduction) as well as sheet 

cohesion (Figure 4.3E, a 79% reduction). The increased fragility of the lifted cardiac cells was 

apparent when mechanical conditioning led to significant tears in the lifted region, and both tests 

showed nearly complete maximum strain reduction (Figure 4.3D, 95%) and sheet cohesion 

reduction (Figure 4.3E, 96%). These results confirm the importance of actin in maintaining 

cardiac cell sheet strength and cohesion, and provide the first quantitative data of ultimate 

mechanical strain for cell-cell adhesion in cardiomyocytes under these treatment conditions.  
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Figure 4. 3 Actin is altered in lifted cardiac sheets and is critical for sheet cohesion. 

(A) Fluorescence images of actin in unstretched control cell (top left), unstretched lifted (top 

middle), unstretched CytoD treated (top right), and stretched control (bottom left) and stretched 

lifted (bottom middle) and stretched CytoD treated (bottom right) show that the spatial 

arrangement of the actin cytoskeleton is significantly altered when cells are lifted or 

mechanically conditioned. Actin disruption by CytoD weakens lifted cell sheet cohesion. Green: 

actin, Blue: nucleus. Scale bar: 20 µm. (B) Western blot analysis shows mechanical stretch 

resulted in a small but non-significant up-regulation of actin in both adherent and lifted cells. 

Significant decrease in total cellular actin occurred after losing cell-substrate adhesion. The y-

axis represents relative actin expression level, with values normalized to the unstretched control. 
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GAPDH was used as a loading control. (C) Tensile tests show that treatments with CytoD lead to 

significant reductions in maximum sheet strain before failure. (D) Shear tests show significant 

diminishments in sheet cohesion with treatment of CytoD. *p<0.05, **p<0.01. 

 

4.3.4 Plakoglobin distribution is significantly altered in lifted cardiac sheets 

Since we previously showed that keratinocyte cell-cell adhesion strength is increased with 

mechanical conditioning and plakoglobin is an essential contributor to cell sheet cohesion [12], 

we next examined plakoglobin’s role in modulating cardiac cell sheet biomechanical properties. 

Cyclic stretch resulted in significant changes in the expression and distribution of plakoglobin 

(Figures 4.4A and 4.4B). After losing cell-substrate contact, the lifted cardiomyocytes exhibited 

enhanced junctional localization of plakoglobin (Figures 4.4A and 4.4B, top right). The 

percentage of plakoglobin’s immunoreactive signal at the junctions was significantly increased 

from 25% in unstretched attached cells to 55% after being lifted, or to 56% after being stretched 

while remaining attached (Figure 4.5C). Stretched lifted cells exhibited the highest percentage of 

junctional plakoglobin at 72 % (Figure 4.4C). 

Western blot analysis (relative to unstretched, unlifted cells) revealed that lifting cells 

resulted in a 66% decrease in the total expression level of plakoglobin (Figure 4.4D and 4.4E). 

Cyclic stretch led to an 87% upregulation of plakoglobin in attached cells. After lifting, cyclic 

stretch led to a non-significant 14% decrease of plakoglobin when compared to the unstretched, 

unlifted cells, or a significant increase of 153% when compared to the unstretched, lifted cells 

(Figure 4.5D and 4.5E). Thus, for cells in the lifted region, both the spatial arrangement and 

expression level of plakoglobin are significantly altered, but with differences compared to actin. 
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While both total actin and plakoglobin expression dropped significantly on lifting, plakoglobin 

remains significantly mechanoresponsive, while actin’s sensitivity is considerably diminished. 

Additional study on cadherins (shown in supplemental study) showed that changes of cadherins 

regarding spatial arrangement and expression level are generally similar to plakoglobin, though 

unlike plakoglobin, the additional gain of junctional localization of cadherins for stretched lifted 

cardiomyocytes is not significant compared to the either stretched or lifted cardiomyocytes. 

These results suggest that as an extrinsic mechanical cue, cyclic stretch can induce intrinsic 

changes in junctional proteins, either in adherent or lifted cardiomyocytes. 
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Figure 4. 4 Plakoglobin is significantly altered in lifted cardiac sheets. 

Immunofluorescence images are shown of (A) plakoglobin (PG) and (B) triple staining for 

plakoglobin, actin and nuclei in unstretched control (top left), unstretched partial-lifted (top 

right), stretched control (bottom left) and stretched, partial-lifted (bottom right) cells. Partially-

lifted sheets were subject to cyclic stretch for 2hr at 20% strain and 1 Hz before staining. Red: 

PG, Green: actin, Blue: nucleus. Scale bar: 20 µm. (C) Quantification of junctional PG reveals 

elevated junctional accumulation in both lifted and stretched cells. (D) and (E) Western blot 

analysis shows significant reduction of total cellular PG when cell-substrate adhesion was lost, 

while cyclic stretch caused substantial up-regulation of PG, especially in the lifted cells. The y-

axis represents relative PG expression level, with values normalized to the unstretched control. 

GAPDH was used as a loading control. * p<0.05, **p<0.01. 

 

4.3.5 Plakoglobin RNA interference weakens lifted sheet strength 

To further evaluate the adhesive structural role that plakoglobin plays in maintaining cardiac 

sheet integrity, siRNA transfection was performed to determine whether plakoglobin knockdown 

could reduce the mechanical strength or cohesion of the lifted cardiac sheets. Similar to actin 

disruption, plakoglobin siRNA knockdown led to more fragile cardiac sheets (Figure 4.5). The 

tears in mechanically conditioned cardiac sheets precluded tensile tests or shear tests. These 

results further confirm the importance of junctional plakoglobin in maintaining cardiac sheet 

biomechanical properties, but also provide support for the notion that mechanical forces directly 

regulate cell-cell junctional dynamics, as witnessed in the cases of plakoglobin-related 
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embryonic lethal death and ARVD, where inactivation of the plakoglobin results in either 

embryonic lethality or sudden death due to cardiac rupture [22,200]. 

 

Figure 4. 5 Plakoglobin RNA interference weakens lifted cardiac sheet strength. 

(A) Immunofluorescence images of PG with siRNA knockdown in unstretched control (top left), 

unstretched lifted (top right), stretched control (bottom left) and stretched lifted (bottom right) 

cells. Scale bar: 20 µm. (B) Western blot analysis shows significant reduction of total cellular PG 

with siRNA knockdown four days after transfection (PG siRNA). Shown was result from the 

unstretched control sample. GAPDH was used as a loading control. Both (C) tensile test and (D) 
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shear test show siRNA knockdown of PG significantly reduce the mechanical strength or 

cohesion of the lifted cardiac sheets. *p<0.05 and **<p<0.01 compared to the matched control. 

 

4.3.6 Calcium signaling is enhanced in lifted cardiac sheets 

Recent studies demonstrated that cardiac intracellular free Ca
2+

 ([Ca
2+

]i) is a major mediator of 

excitation-contraction coupling[201,202] and alterations in [Ca
2+

]i I regulation may contribute to 

cardiac mechanical dysfunction and arrhythmogenesis [203,204]. Thus, it is imperative to have a 

clear and relatively quantitative understanding of how ([Ca
2+

]i changes in the substrate-free 

cardiac sheets and how mechanical forces may affect ([Ca
2+

]i handling. Cells were pre-loaded 

with Fluo-3 AM (an indicator of [Ca
2+

]i or Ca
2+

 transients signal intensity) before dispase lifting 

and imaging. After losing cell-substrate contact, the lifted cardiomyocytes exhibited a significant 

54% increase in [Ca
2+

]i (Figures 4.6 A and 4.6C, peak - base). For comparison purpose, 

cardiomyocytes cultivated on rigid tissue culture dishes displayed similar enhanced [Ca
2+

]i  

pattern, though at a much smaller scale, after being detached from the substrate (Figures 4.6 B, 

bottom).  

Next, we showed that mechanical conditioning resulted in a significant 109% increase of 

[Ca
2+

]i for adhering cells compared to unstretched adhering cells. The results are in agreement 

with other studies showing that various mechanical stimuli could enhance [Ca
2+

]i uptake 

[201,205]. Interestingly, for lifted cells, mechanical conditioning resulted in a significant 121% 

increase of [Ca
2+

]i compared to unstretched adhering cells, or a 44% increase compared to 

unstretched lifted cells, but no significant difference compared to stretched control cells, 

indicating the gain in calcium handling from stretching and lifting reached a plateau. These 
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results suggest the substrate-free cardiac sheet maintains its excitation-contraction coupling 

capability and mechanical stimulation plays important roles on [Ca
2+

]i handling.  

 

Figure 4. 6 Calcium signaling is enhanced in lifted cardiac sheets. 

Representative immunofluorescence images of (A) Ca
2+

 signal and (B) Ca
2+

 transients in 

unstretched control (top left), unstretched partial-lifted (top right), stretched control (bottom left) 

and stretched, partial-lifted (bottom right) cells four days after plating. For comparison purposes, 
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(B) Ca
2+

 transients captured with cardiac cells cultured on stiff substrate at both adherent control 

and lifted conditions. Scale bar: 20 µm. (C) Quantitative analysis of (A) shows significant 

increase of relative intracellular free Ca
2+

 ([Ca
2+

]i) or Ca
2+

 signal intensity (peak - base or 

maximum - minimum) after lifting from the substrates and mechanical conditioning. **p<0.01. 

 

4.3.7 Viscoelastic property is significantly altered in lifted cardiac sheets 

Many cellular processes, such as translocation of organelles, are controlled partly by the 

mechanical deformability or local viscoelastic properties of the cytoplasm [206,207]. A new type 

of functional microscopy called multiple-particle-tracking microrheology, which measures the 

local viscoelastic properties of living cells by monitoring the Brownian motion of individual 

microinjected or endocytosized fluorescent particles, was recently introduced [199]. In most cells, 

viscoelastic properties of adherent cells are generally dominated by the actin filament 

cytoskeleton [198]. Here we used this technique to investigate if and how the viscoelastic 

properties of cardiomyocyte cytoplasm respond to losing cell-substrate contact and mechanical 

conditioning. After being cyclically stretched, adhering cells showed lower a mean-square-

displacement (MSD) compared to the unstretched adherent control (Figures 4.7), suggesting 

mechanical stretch resulted in a stiffer cytoplasm, which correlates with the finding that 

mechanical stretch simultaneously resulted in an up-regulation of cellular actin expression level 

(Figure 4.3). This result is agreement with other studies showing 

cytoplasmic stiffening response to other types of mechanical conditioning such as fluid flow 

[208,209]. After detaching from the substrate, the lifted cardiomyocytes exhibited higher MSD 

compared to the unstretched adherent control, suggesting a softer cytoplasm, which correlates 
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with the finding that losing cell-substrate contact simultaneously resulted in a down-regulation of 

cellular actin expression level (Figure 4.3). Moreover, after being cyclically stretched, lifted 

cardiomyocytes displayed a slightly lower MSD, or a stiffer cytoplasm, compared to the 

unstretched lifted cells (Figures 4.7). Again, these results are consistent with the finding that 

cyclic stretch simultaneously resulted in a slight, but non-significant up-regulation of cellular 

actin expression level to the lifted cardiomyocytes (Figure 4.3). Another point of note is that the 

lifted cardiomyocytes are both much closer to straight lines than the unlifted cells, suggesting 

they have more fluid-like behavior, which is what we’d expect with loss of actin and stress fibers. 

Together, these results help reveal new mechanistic insights concerning cytoplasm viscoelastic 

property of the partially lifted cardiac sheets, suggest that cells inside the cardiac sheets 

constantly adapt to changing environmental conditions through coordinated molecular and 

mechanical responses. 
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Figure 4. 7 Viscoelastic property is significantly altered in lifted cardiac sheets.  

Detaching from the substrate resulted in apparently higher MSD, or softer cytoplasm, compared 

to the adherent control cells. Mechanical stretching resulted in slight slower MSD, or stiffer 

cytoplasm, compared to the unstretched control cells. The changes in MSD are consistent with 

the changes of cellular actin expression level shown in Figure 4.3.  
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4.4 Discussion 

In this study we developed a novel method to generate partially-lifted, mechanically strong and 

minimally shrunk, substrate- and scaffold-free cardiomyocyte sheets. Experimentation on these 

partially lifted cell sheets may provide critical information on cell-cell interactions, which have 

numerous downstream applications in tissue engineering, investigation of certain genetic and 

autoimmune diseases, and embryonic development and cell and tissue mechanics, particularly 

for cardiac myocytes. 

Examining cell-cell interactions in primary cells for downstream application is 

challenging. In this study, we demonstrate that it is possible to partially-lift, mechanically 

condition and perform assays on cardiac myocytes by prestretching the cells and limiting the 

interface between attached and lifted cells to two lines rather than a perimeter. We further show 

that in the lifted cardiac sheets, the basic physiology of cardiomyocytes is significantly altered, 

with diminished intracellular actin and plakoglobin, but elevated actin and plakoglobin at cell-

cell junctions, elevated MSD (lower complex modulus) and enhanced calcium signaling. We 

propose that partial lifting offers a way to mechanically condition cell sheets for tissue 

engineering purposes, given that mechanical fragility is an ongoing concern in this field. Further, 

this method offers a robust method to systematically examine cell junctional function in more 

detail, with minimal cross-talk from cell-substrate interactions. The results confirm our 

original hypothesis that when cell-cell interactions dominate and are subject to mechanical 

conditioning, increased tension at intercellular junctions leads to recruitment of junctional 

components, leading to further enhancement of junctional tension in a positive mechanosensory 

feedback loop [171,172].  
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In general, compared with adult human keratinocytes in Chapter 3, rat neonatal 

cardiomyocytes display changes in a similar pattern regarding cell-cell adhesive strength, actin 

and plakoglobin expression and distribution, etc., although the changes in cardiac sheets are 

smaller than those in keratinocytes. These results suggest that to certain degree, actin (and likely 

other cytoskeletal proteins) and plakoglobin (and likely other junctional proteins) play somewhat 

similar roles in regulating cell-cell interactions in these two cell types (and likely other cell 

types). The diminished dynamic response of rat neonatal cardiomyocytes can be attributed to 

several causes. First, adult cells may have more mature mechanotransductive structures; and 

second, unlike keratinocytes, cardiomyocytes don’t exist by themselves in their native in vivo 

environment; fibroblasts and endothelial cells also play critical roles in supporting the proper 

functions of cardiomyocytes. Therefore, co-culture of rat neonatal cardiomyocytes, fibroblasts 

and endothelial cells may enhance the responses and further improve the biomechanical 

properties of the cardiac sheets.  

Plakoglobin was chosen for examination primarily because it can bind to both adherens 

junctions and desmosomes [33] and is closely associated with sarcomeric actin filaments [183-

185]. Moreover, plakoglobin is essential for myocardial functions as shown in plakoglobin-

associated cardiac defects [59], Naxos disease or ARVC where malfunction of plakoglobin is 

thought to contribute to the damages of tissue integrity and mechanical signaling transduction 

[60,61]. Our data are consistent with the observation that the cardiac cell’s ability to convert 

mechanical perturbations into biological signaling cascades is based on the integrity of the 

junctional-cytoskeletal linkages [8,9,11,29,71]. From this perspective, intercellular junctions may 

serve as mechanically-sensitive signaling hubs that participate in mechanotransduction [167,168]. 

Moreover, stretch is a well-documented stimulus for many cardiac functions including junctional 
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gene expression and cell-to-cell communication remodeling [111-115,188-191]. When cell-cell 

interactions dominate, stretch may strengthen the intercellular junctional-cytoskeletal network 

through mechanical strain-stiffening [169,170] or signaling-mediated reinforcement [4,157]. 

However, we can't rule out the possibility that this cell-junction related mechanism may not be 

the only one, or even the cell junctions may play only a passive role – keeping the cells together. 

There are several mechanisms whereby stretching will lead to mechanotransduction without 

signaling through cell junctions. For example, ion channels may activate via stretch [210,211].  

In the heart, mechanotransduction is necessary for balancing cell and tissue structure and 

function. The dynamic junctional accumulation of intercellular junctions and the cytoskeleton in 

response to losing cell-substrate interactions and mechanical stretch suggest that a 

mechanosensory feedback is involved in junctional and cytoskeletal remodeling. Intercellular 

junctions have been postulated as mechanically-sensitive molecular signaling hubs that 

contribute to the process of mechanotransduction [167]. Like roles that focal adhesions play in 

cell-substrate interactions, intercellular junctions can act as mechanosensors and probe the 

physical properties of the microenvironment and activate specific signaling pathways within the 

cells [168]. The ability to convert physical perturbations into discrete signaling cascades is based 

on the integrity of the intercellular junctions-cytoskeleton syncytium [8,9,11,29,71], which is 

constantly maintained under certain level of stress, reinforces upon stimulation (as in the cases of 

losing cell-substrate contact and stretch) and disintegrates upon relaxation (as in the cases of 

cytochalasin D treatments and plakoglobin RNA interference). Furthermore, one of many 

responses triggered by mechanical stimulation is cytoskeletal reorganization, closing a feedback 

loop between mechanosensitivity and structural remodeling as myocytes attempt to reach 

homeostasis. Therefore, it is reasonable to speculate that upon stretching, increased tension at 
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intercellular junctions could lead to increased recruitment of junctional components, which in 

turn would recruit more actin, leading to further enhancement of junctional tension and thus 

building up a positive mechanosensory feedback loop [171,172]. Figure 4.8A schematically 

describes the four conditions concerning force balances among neighboring cells and substrates 

that were investigated in this study. As illustrated in Figure 4.8B, similar to well-studied cell-

substrate interactions, we propose that there exists an integrated intercellular junction-

cytoskeleton feedback mechanotransduction loop in the lifted cell sheet where cell-cell 

interactions dominate. First, mechanical forces acting on intercellular junctions activate 

mechanical sensing processes that lead to mechanical responses. Next, these mechanical cues 

activate an intracellular signaling cascade and eventually lead to a new state of force homeostasis.  
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Figure 4. 8 Hypothesized intercellular junction-cytoskeleton mechanotransduction loop in the 

partially lifted cell sheets. 

(A) Schematic illustration of force balances among neighboring cells and substrate in four 

conditions: unstretched control (top left), unstretched lifted (top right), stretched control (bottom 

left) and stretched lifted (bottom right). (B) Integrated intercellular junction - cytoskeleton 
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positive feedback mechanotransduction loop. Mechanical forces trigger biochemical signaling 

cascades by acting on intercellular junctions and activating mechanical sensing processes that 

lead to mechanical responses. (1) Outside-In Signaling. Plakoglobin (or other junctional proteins) 

may act as a surface receptor for forces that tug on cells either by losing cell-substrate adhesion 

or external mechanical stretch. (2) Inside-Out Signaling. This induces an intracellular signaling 

cascade, which includes events such as cytoskeleton cortical localization and contraction, 

intercellular junction localization and expression, and eventually leads to cell-cell adhesion 

enhancement. During this junction-cytoskeleton mechanotransduction process, the mechanical 

responses will be felt as a pulling force by the neighboring cell that initiated the cascade, leading 

to cooperative interactions and achieving a new state of force balance between cells. 

For tissue engineering purpose, our novel dispase-based partial-lift cell sheet harvesting 

approach has the advantage of being biocompatible, easily applicable, rapidly collectable and 

stretchable compared to currently available cardiac sheet harvesting methods. So far the most 

popular cardiac sheet harvesting method is using modified thermo-responsive polymeric surfaces 

[109,110,151]. However, there are several limitations of this technique, including high cost of 

preparing the modified surface and long cell sheet harvesting time, which typically takes around 

an hour. More importantly, those cardiac sheets are mechanically fragile, typically requiring 

heterogeneous external supports such as chitin membranes, polyethylene meshes or stacking of 

multiple sheets. Another major challenge is cardiac sheet shrinking. When no external support 

was used, the detached cardiac sheets shrunk to one-tenth of their original size before lifting, 

which significantly impairs the sheet’s ability to provide sufficient coverage [151]. Our novel 

partial-lift methods successfully addressed these challenges. The dispase is relative cheap and its 

action on cardiomyocyte sheet takes as little as five minutes. Moreover, dispase primarily targets 



116 

 

 

type IV collagen in the lamina densa region.  In cardiomyocytes, the main ECM proteins are type 

I and III collagen [212]. Therefore, the ECM-focal adhesions-stress fibers structure is relatively 

less digested by dispase and cardiomyocytes after detached from culture substrate and thus still 

maintain their basic functions. Therefore, mechanically conditioning the partially lifted cardiac 

sheets provides a solution to generate strong, minimally shrunk cardiac sheets with enhanced 

beating and calcium signaling.  

Further work in this area may involve examination of other junctional components, as 

well as examining the potential roles, if any, for focal adhesion proteins that are dissociated upon 

lifting. A more thorough analysis of rheological properties and decomposition into the bulk and 

loss moduli may reveal functional changes within the cardiac cells. Finally, a more 

comprehensive characterization of the mechanoresponse of lifted cells would be necessary to 

further develop models of mechanotransduction. The method we developed here can potentially 

apply to other primary cells and thus offer a new opportunity to study many different aspects of 

cell biology and biomechanics. 
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4.5 Supplemental study 

4.5.1 Cadherins are significantly altered in lifted cardiac sheets 

Cyclic stretch resulted in significantly changes in expression and distribution of fascia adherens 

junction protein cadherins (Figures 4.S1A and 1B). After losing cell-substrate contact, the lifted 

cardiomyocytes exhibited enhanced junctional localization of cadherins. The percentage of 

immunoreactive signal of cadherins at the cell junctions was significantly increased from 62% in 

unstretched attached cells to 82% after being lifted, or to 83% after being stretched while 

remaining attached, or to 84% after being lifted and stretched, indicating the gain in junctional 

localization of cadherins from stretching and lifting reaches a plateau. Western blot analysis 

(relative to unstretched, unlifted cells) revealed that lifting cells resulted in a 63% decrease in the 

total expression level of cadherins (Figure 4.S1C and 1D). Stretching led to a 41% upregulation 

of cadherins in attached cells. After lifting, stretching led to a significant 14% decrease of 

cadherins when compared to the unstretched, unlifted cells, or an increase of 127% when 

compared to the unstretched, lifted cells. Thus, for cells in the lifted region, both the spatial 

arrangement and expression level of cadherins are significantly altered. Overall, the changes of 

cadherins are similar to plakoglobin, though unlike plakoglobin, the gain in junctional 

localization of cadherins from stretching and lifting reaches a plateau. 



118 

 

 

 
Figure 4. 9 Supplemental Figure S1 Cadherins are significantly altered in lifted cardiac sheets. 

Immunofluorescence images are shown of cadherins stain in unstretched control (top left), 

unstretched partial-lifted (top right), stretched control (bottom left) and stretched, partial-lifted 

(bottom right) cells. Scale bar: 20 µm. (B) Quantification of junctional cadherins reveals elevated 

junctional accumulation in both lifted or stretched cells, but reaches a plateau in stretched, 

partial-lifted cells. (C) and (D) Western blot analysis shows significant reduction of total cellular 

cadherins when cell-substrate adhesion was lost, while stretch caused substantial up-regulation, 

especially in the lifted cells. The y-axis represents relative cadherins expression level, with 

values normalized to the unstretched control. GAPDH was used as a loading control. * p<0.05, 

**p<0.01.  
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4.5.2 Cardiomyocyte bilayer sheets are stronger than monolayer sheets 

Here we developed cardiomyocytes (top) and cardiac fibroblasts (bottom) bilayer sheets and 

measured their mechanical properties using the same mechanical tests for cardiomyocyte 

monolayer sheets (Figure 4.S2). The unstretched bilayer sheets displayed a near 7 times 

increases in sheet adhesive strength, suggesting that another supporting cell layer and/or 

enhanced extracellular matrix secretion, thanks to fibroblasts, is beneficial to cardiac sheet 

mechanical strength. We speculate that mechanically conditioned bilayer sheets would display 

even higher adhesive strength.  

 

Figure 4. 10 Supplemental Figure S2 Cardiac myocytes and fibroblasts bilayer sheets. 

The bilayer sheets are mechanically stronger than cardiomyocyte monolayer sheet.  
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4.5.3 Cardiomyocyte Markers staining 

Immunostaining of specific cardiomyocyte markers, including cardiac troponin I and sarcomeric 

α-actinin, further validated the identity of isolated cardiomyocytes.  

 

Figure 4. 11 Supplemental Figure S3 Cardiac myocyte markers staining. 

(A) Sarcomeric α-actinin and (B) Cardiac troponin I.  Scale bar is 10 µm.  
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4.5.4 Additional microrheology data  

 

Figure 4. 12 Supplemental Figure S4 Storage modulus G′ and loss modulus G″.  

(A) Plot of storage modulus G′ (Pa) vs. frequency (Hz) and (B) loss modulus G″ (Pa) vs. 

frequency (Hz) for each treatment conditions are compared at three different time lags.  
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Chapter 5 Summary 

Whether adhesion to other cells is important to cell viability is the central question of this study. 

In Project 1, we show that suspended immortalized human keratinocytes cell sheets with 

persisting intercellular contacts exhibited significant contraction, junctional actin localization, 

and reinforcement of cell-cell adhesion strength. Further, cells within these sheets remain viable, 

in contrast to trypsinized cells suspended without either cell-cell or cell-substrate contact, which 

underwent apoptosis at high rates. Suppression of plakoglobin weakened cell-cell adhesion in 

cell sheets and suppressed apoptosis in suspended, trypsinized cells. These results demonstrate 

that cell-cell contact may be fundamental control mechanism governing cell viability and that the 

junctional protein plakoglobin is a key regulator of this process. These findings could have 

significant implications for understanding cell adhesion, modeling disease progression, 

developing therapeutics and improving the viability of tissue engineering protocols. These results 

provide a solid foundation for future characterization and manipulation of viable cell sheets for 

cell sheet engineering purpose. 

There is a need to characterize biomechanical cell-cell interactions, but due to a lack of 

suitable experimental methods, relevant in vitro experimental data are often masked by cell-

substrate interactions. In project 2 we presented a novel method to generate partially-lifted 

substrate-free cell sheets which engage primarily in cell-cell interactions, yet are amenable to 

biological and chemical perturbations and, importantly, mechanical conditioning. Results 

demonstrate that the mechanical strength and cohesion of the substrate-free cell sheets strongly 

depend on integrity of the actomyosin cytoskeleton and the cell-cell junctional protein 

plakoglobin. Both actin and plakoglobin are significantly reinforced at junctions with mechanical 
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conditioning. These results represent a first systematic examination of mechanical conditioning 

and the cytoskeleton on cells with primarily intercellular interactions.  

Cardiac cell sheet tissue engineering has recently emerged as a promising alternative 

therapeutic option for heart diseases. However, the cardiac sheets harvested via currently 

available techniques suffer several drawbacks such as fragility and shrinking. To address these 

drawbacks, in Project 3 we further refined the partial-lift technique. Results show that 

mechanical conditioning resulted in junctional reinforcement. Further results demonstrate that 

the mechanical strength and cohesion of the substrate-free cardiac sheets strongly depend on 

integrity of the actin cytoskeleton and the cell junctional protein plakoglobin. Moreover, we 

showed mechanical conditioning could enhance contraction, calcium signaling, alter viscoelastic 

property, and thus improve the functional cell-cell coupling in the cardiac sheets. Direct 

experimental investigations on cardiac cell sheets without interference of cell-substrate 

interactions will greatly enhance our understanding of cell-cell interactions and improve cardiac 

cell sheets mechanical properties. For tissue engineering purpose, our dispase-based partial-lift 

cell sheet harvesting method has the advantage of being biocompatible, easily applicable, rapidly 

collectable and stretchable, compared to currently available techniques. This simple yet powerful 

partial lift technique has enormous potential for fabricating clinically applicable cardiac tissues. 

Benefiting from collaboration between molecular techniques and biomedical engineering 

methods, the study of cell junctions is moving at a rapid pace. Specifically for scaffold-less 

cardiac sheet engineering, future research is likely to focus on improving our ability to find the 

right (1) stem cell sources (such as induced pluripotent stem cells) and (2) biomimetic culture 

condition (such as specific physiological stimulation regimen and bioreactor 

design considerations). Though many challenges remain, this technology platform presents 
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exciting new opportunities for a wide variety of applications such as for studies in developmental 

pathways, disease modeling, drug discovery, predictive cardiotoxicity and ultimately cardiac 

regeneration. 
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