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Abstract

Complex hierarchical organization is a hallmark of tissues and their subsequent integration into 

organs. A major challenge in tissue engineering is to generate arrays of cells with defined 

structural organization that display appropriate functional properties. Given what is known about 

cellular responses to physiochemical cues from the surrounding environment, we can build tissue 

structures that mimic these microenvironments and validate these platforms using both 

experimental and computational approaches. Tissue generation encompasses many methods and 

tissue types, but here we review layering cell sheets to create scaffold-less myocardial patches. We 

discuss surgical criteria that can drive the design of myocardial cell sheets and the methods used to 

fabricate, mechanically condition, and functionally test them. We also focus on how 

computational and experimental approaches could be integrated to optimize tissue mechanical 

properties by using measurements of biomechanical properties and tissue anisotropy to create 

predictive computational models. Tissue anisotropy and dynamic mechanical stimuli affect cell 

phenotype in terms of protein expression and secretion, which in turn, leads to compositional and 

structural changes that ultimately impact tissue function. Therefore, a combinatorial approach of 

design, fabrication, testing, and modeling can be carried out iteratively to optimize engineered 

tissue function.
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Introduction

Tissues represent specialized collections of cells and cell products that are spatially arranged 

to carry out precise biological functions. At the cellular level, tissues are regulated by 

biochemical and mechanical cues present within the surrounding microenvironment; 

however, it is the tissue structure hierarchical organization that dictates its overall 

function.9, 33 With normal aging, onset of disease, or direct injury, tissue structure 

organization may become compromised, impairing organ function. Extensive loss of tissue 
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structure and function or ineffective repair may jeopardize the organism’s ability to recover 

or even survive. As seen by persistent mortality rates due to cardiovascular disease, the heart 

is one organ where loss of tissue structure and function is often detrimental to the 

organism’s survival.17

Currently, the most widely used and readily available surgical solutions for repairing 

damaged cardiac tissue apply synthetic patch materials, such as Dacron (polyethylene 

terephthalate or PET) and Gore-Tex (expanded-polytetrafluoroethylene or ePTFE), or 

naturally occurring materials such as autologous, allogeneic, and xenogeneic pericardium.65 

Despite limiting immune responses, these materials do little to promote cardiac regeneration, 

strengthen damaged tissue, or grow/remodel as the native tissue changes; the mechanical 

mismatch in compliance may even cause maladaptive remodeling. Ideally, patch 

implantations would be non-thrombogenic, have long-term durability, resist infections, and 

directly reinforce the surrounding tissue via rapid incorporation and growth; patches would 

also be designed to release paracrine signals that activate cardiac progenitor cells that could 

aid in the repair and vascularization of the injured tissue.38

In recent years, several scaffold and scaffold-less approaches to generate cell-based 

therapeutic patches for replacing damaged or diseased tissues have been explored. Although 

recent improvements in biomaterials and cellular science have advanced our understanding 

and aided design, developing three-dimensional, vascularized tissues for implantation still 

remains a significant challenge. The ultimate goals of myocardial patch engineering are to 

mimic tissue natural organization using living cells, and to produce viable structures 

amenable to mechanical, electrical, and functional integration with the surrounding viable 

tissue.21, 23, 25 Electrical coupling is essential to cardiac function; however, this review will 

focus only on mechanical aspects of tissue integration. Although devices such as 

pacemakers are available to synchronize cardiac tissue, a clinically viable option to 

regenerate myocardium with the proper mechanical properties to pump blood is still beyond 

our reach.

To study tissue mechanics, we focus on bottom-up approaches that enable direct control of 

hierarchical tissue organization in a layer-by-layer fashion such that the end-result consists 

solely of cells and associated extracellular matrix (ECM) in scaffold-less constructs. While 

we focus on scaffold-less approaches, synthetic and natural biomaterial scaffolds with a 

wide variety of biological and chemical properties have been reviewed extensively 

elsewhere.49 However, patch designs that require scaffolding for cell seeding commonly are 

not able to adapt to patient growth following surgical implantation, a property important for 

long-term functionality in most patients. Implanted patches that are similar to healthy tissue 

at the target site are more likely to incorporate successfully. In addition, because many 

polymeric scaffolding biomaterials may elicit undesirable inflammation reactions from 

polymer degradation,19 attention has turned to cell sheet technology to engineer scaffold-

less tissues.10, 66 Pioneering this technology, the Okano group enabled the development of a 

three-dimensional, scaffold-less, completely cellular-based regenerative patch.75 In 

collaboration with the Okano group, our group was the first to fabricate cell sheets with 

variable cell alignment patterns,30, 71 different cell types, and different structural and 

mechanical properties, which can subsequently be layered and stacked together in 
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arrangements that recapitulate native structures without requiring synthetic scaffold 

implantation. Selecting an appropriate cell type is critical for creating a successful patch. 

Various cell sources, including commercially available cell lines and freshly isolated 

primary cell cultures, have been incorporated depending on the intended application. For 

myocardial tissue replacement, these cell types include endothelial, cardiomyocyte, vascular 

smooth muscle (VSMCs), and cardiac fibroblasts.74 Several new cardiac progenitor cell 

sources are currently being investigated for their cardiac regenerative potential as well.12, 44 

Recently, human embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) 

have played a more prominent role in tissue engineering applications as these cells can self-

renew and have the potential to differentiate into multiple cell lineages. However an 

important aspect to consider when envisaging in vivo applications is that undifferentiated 

cells may circulate away from the targeted tissue and form teratomas.6, 7, 37 Overall, clinical 

attempts at direct cell injections have had limited success at precisely delivering and 

retaining cells at the injury site.25 In contrast, a regenerative cardiac patch would confine 

cell delivery to the repair site.55 Indeed, even without thick and/or vascularized constructs, 

cardiac cell sheets of 3 stacked cell layers (~100 µm thick), implanted into damaged rat 

hearts promoted greater functional improvement and cell survival than dissociated cell 

injections.55

In this review, we focus on the fabrication of engineered tissue patches using cell sheet 

technology for the repair of myocardium and the surrounding vasculature. We particularly 

discuss how cell type, cellular organization within individual and stacked cell sheets, and the 

application of exogenous stressors (particularly mechanical conditioning) to a cell sheet may 

enhance overall tissue structure and function. We also cover how computational modeling 

can help prioritize the overwhelming number of design options by elucidating 

interrelationships between fabrication parameters, growth, and biochemical/mechanical 

properties. Although a complete, experimentally-validated, and useful computational model 

for myocardial patches does not currently exist, we have outlined the three tiered model 

structure our research group would ultimately like to build to aid in the design of our cell 

sheet tissue constructs. This would give us the ability to predict tissue function based on 

cellular patch structure; predictions regarding the mechanical properties of a fabricated 

three-dimensional tissue would be instrumental in designing patches tailored to specific 

patients in the clinical setting. Therefore, to begin the cell sheet modeling discussion, we 

start with the surgical priorities that should ultimately be driving patient specific patch 

design criteria before covering how the patches are actually fabricated and ideally modeled 

to meet these criteria.

Design Criteria Driven by Surgical Applications

Ideally, myocardial patches under development would be fabricated to meet design criteria 

set by surgeons and would work synergistically with the adjacent native tissue. Additionally, 

surgeons are also concerned with the technical process of implantation, which encompasses 

implant durability during handling, attachment at the site of repair, post-operative 

monitoring, and any need for additional surgical treatment. Ideally, correlations between 

resulting cardiac function and patch implantation can be made using both in vitro 

experimental data and patient specific clinical data such as ejection fraction and cardiac 
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output. Iterating on the fabrication process optimizes patch performance, but we argue that 

computational modeling of these cellular systems can also provide important insights and 

predictions for initial fabrication and for post-operative concerns. Three main design criteria 

relevant to surgeons that should be driving this myocardial patch design, fabrication, and 

modeling include:

Mechanical Compatibility and Acute Performance: Myocardial “passive stiffness” is a 

major determinant of overall cardiac function,69 which makes it crucial to match 

mechanical properties of the patch and native tissue. The burst strength of the patch 

must be adequate to prevent rupture or bleeding around the patch as the heart beats. 

Furthermore, passive characteristics of the graft must be similar to the surrounding 

myocardium to avoid significant discrepancies in regional function. A computational 

model that predicts resulting patch moduli, tensile strength, and burst pressure based on 

cell sheet property inputs (e.g., cell type, alignment, number of layers) would allow 

surgeons to match patch stiffness to a patient’s resident tissue, as well as predict 

potential failure points post-implantation.3, 67

Technical Implantation: A relatively flexible tissue graft accommodates robust 

surgical handling and adjusts to irregularly shaped implantation areas. In addition, the 

graft must be able to hold sutures without tearing. A computational model that 

determines relative patch elasticity and maximum tensile strength for a sutured cell 

sheet could predict attachment failure or inform on the number of sutures necessary for 

successful implantation. In addition, as cell sheets adhere and integrate with 

neighboring cell layers in culture, cell sheet implants may significantly reduce the 

number of necessary attachment points.3

Long-Term Function, Durability, and Growth with Resident Tissues: The human 

heart approximately doubles in size from childhood to adulthood4, 61 and it beats on 

average 2.5 billion times in a lifetime, exposing an implanted patch to extreme cyclic 

fatigue.4, 61 As humans age, elasticity decreases and causes heart muscles to thicken and 

stiffen, which affects organ shape and function.4, 61 Therefore, the implanted patch must 

be capable of adapting and remodeling as the heart ages. Disproportionately increased 

growth may lead to aneurysm formation, whereas disproportionately decreased growth 

may lead to diastolic dysfunction. Cells within the patch must also integrate in 

synchronous contraction with the surrounding muscle to avoid reentry circuit 

arrhythmia. To protect graft cells from eventual apoptosis and necrosis, patch designs 

should also promote contractility-maintenance, perfusion, and appropriate wall tension. 

Attrition of cells with time from the patch may also lead to abnormal systolic function; 

thus, developing a patch with similar ECM to normal surrounding muscle may help to 

control cell behavior so that long-term desirable diastolic properties are achieved. 

Stacked cellular sheets already offer native-like ECM that is produced and deposited 

between sheets during in vitro culture.42 In addition, for both monolayer and stacked 

cell sheets, a computational model would be valuable to predict implant behavior and 

expectations on how mechanical conditioning will affect tissue growth and cyclic 

fatigue properties.
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Building a predictive computational model requires integrative knowledge of monolayer and 

stacked cell sheet fabrication, conditioning, bio-mechanical properties and the graft-induced 

functional impact on host tissue.

Fabrication: Model Input Parameters

Monolayer Cell Sheets

Cell sheet engineering technologies most commonly utilize the temperature-responsive 

polymer poly(N-isopropylacrylamide) (P(NIPAAm)), which is a dense, hydrophobic film at 

37°C that undergoes a reversible conformation change below 32°C to a swollen, hydrophilic 

state.46, 66, 75 Surfaces modified with P(NIPAAm) promote cell attachment and growth at 

cell culture temperatures, while lowering surfaces to room temperature promotes 

spontaneous, non-damaging cell detachment with preserved cell-cell contact and ECM. In 

this manner, cell sheets can be cultured and collected non-invasively, with each individual 

sheet serving as a functional unit that can be stacked to form a 3D tissue.

Other responsive systems, such as electro-, photo-, and pH-responsive, and magnetic 

systems, have been developed for cell sheet detachment and were recently reviewed 

extensively by Patel and Zhang.47 Additionally, our lab has also recently developed a 

method using a sacrificial substrate with tunable stiffness made from cellulose and alginate 

that allows for the controlled growth of aligned cell monolayers and the enzymatic release of 

an intact cell sheet (manuscript in preparation and patent submitted). However, the majority 

of cell sheet technologies incorporate P(NIPAAm), which will be the focus in this review.

The myocardium is a highly aligned network of cardiomyocytes, capillaries and interstitial 

fibroblasts. This structural alignment is critical for anisotropic contraction, and is under 

constant dynamic loading in vivo. Methods have been devised to mimic this native 

composition and structural organization in cell sheets, as well as increase the mechanical 

integrity of cell sheet monolayers.30, 35, 71, 72 Some approaches have used contact guidance 

or biochemical cues from adhesion proteins (e.g., fibronectin) to organize cell and tissue 

growth into monolayers of aligned cells.63, 71, 72 In our lab, we have used microgroove 

textured substrates to guide cell attachment in an aligned pattern. Mechanical testing of 

these cell sheets revealed mechanical anisotropy that was significantly larger in the direction 

of alignment, demonstrating that cellular structural organization can result in functional 

changes in macroscale material behavior.30 Patterned cell sheets that grow beyond ~20 µm 

thick become disorganized;48 in contrast, we showed with human mesenchymal stem cells 

that patterned sheets could increase in cell density over 2 weeks in culture and reach 

thicknesses of 13–15 µm without loss of patterning cues.72 We and others have since 

developed methods to use P(NIPAAm) on microtextured elastic substrates for creating 

harvestable aligned cell sheets.41, 62

Changing the compositional profile can also alter the material and structural behavior of 

tissues, and mechanical stress is a well-known regulator of protein and ECM gene 

expression.21, 22 To this end, Lee and von Recum modified a commercially available cell 

culture platform for mechanical conditioning with P(NIPAAm) copolymers such that cell 

sheets could be detached with conditioned cell-derived matrix intact.35 They subsequently 
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demonstrated that cell sheets detached from their modified platform following conditioning 

promoted a significant increase in contractile protein expression in mouse cardiomyocytes.36

Stacked Cell Sheets

To form three-dimensional tissues out of individually fabricated cell sheets, the Okano 

group developed two main methods for stacking cellular sheets detached from P(NIPAAm) 

culture dishes: (1) simple pipetting and (2) using a hydrogel-coated plunger (Figure 1).24 In 

the pipetting method, cell sheets released from the substrate following temperature reduction 

are suctioned up into the pipette tip and re-deposited into a new dish; excess media is slowly 

drained to allow the sheet to open up and re-adsorb to the new surface. A second sheet can 

be detached, placed on top, and manipulated into position before it spontaneously adheres to 

the first sheet. With the hydrogel-coated plunger method, a sacrificial fibrin or gelatin gel is 

molded onto the surface of an acrylic resin plunger manipulator. The hydrogel surface of the 

manipulator can be placed onto the cell sheet surface where it adheres tightly to the cells, 

allowing the sheet to be recovered in its monolayer state without shrinkage. The plunger can 

be used to pick up as many cell sheets as desired before melting the hydrogel, which releases 

the cell sheet stack as a 3D tissue.24

The beauty of cell sheet technology is that each monolayer can be uniquely patterned and 

seeded with a different cell type (as discussed above) to mimic the individual layers of 

native myocardium before stacking. Cell sheet technology preserves ECM, cell-cell 

junctions, and cell surface proteins; cell alignment within sheets in a stack can be preserved 

for two- and three-layered stacks of striated patterns with varying angles.72 Cell sheet 

structures also have extremely high cell densities, which can further support regeneration of 

tissue function and stronger therapeutic efficacy in general.24 However, cell sheet 

detachment and stacking can also be problematic as sheets may be damaged or break upon 

removal, or even fail to detach from P(NIPAAm)-modified surfaces. Cell sheet stacking is 

currently limited to thicknesses of approximately 80 µm, as layered tissue cannot survive in 

vivo without proper vascularization to provide nutrients and eliminate accumulated waste.60 

Creating thick tissues (>2 mm) endowed with a capillary network that sustain oxygen and 

nutrient diffusion remains a significant challenge.20

Overcoming the Limitation: Perfusable Blood Vessels

Different attempts have been made to vascularize implantable systems in vitro prior to 

delivery. Sekine et. al produced a triple-layer cardiac cell sheet with perfusable blood 

vessels composed of neonatal rat cardiac cells and endothelial cells.56 The group showed 

that endothelial cells could connect to capillaries in the vascular bed, composed of resected 

tissue with a connectable artery and vein, and form tubular lumens. In a follow-up study, a 

prevascularized construct of human aortic endothelial cells sandwiched between two human 

dermal fibroblast sheets was implanted into a rat; three days after transplantation, newly-

formed microvessels near the host vasculature were observed which was accompanied by 

secretion of angiogenic proteins.53, 54, 72 In general, layered cardiac cell sheets have been 

shown to beat spontaneously, synchronize with existing tissue, and have long-term 

durability.30 Merging functional cell layers (e.g., cardiomyocytes) with layers that induce 
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vascularization (e.g., endothelial cells) may improve cell survival in a thick tissue-

engineered construct in future efforts.

Mechanical Conditioning for Cell Differentiation in Cardiac Cell Sheets

Researchers continually strive to produce increasing amounts of the main cells responsible 

for contraction within contractile tissues: cardiomyocytes in myocardium and VSMCs in 

tunica media of blood vessels. Because cardiovascular cells experience constant dynamic 

stress both during development and postnatally, changing current ESC and iPSC 

differentiation protocols such that they better mimic the native environmental stresses seen 

by the cells in vivo may enhance the resulting phenotypic distribution of differentiated 

populations. Although research applying temporal-specific biochemical cues for pluripotent 

stem cell differentiation has been extensive and reviewed in-depth elsewhere,40, 43 responses 

resulting from applying other well-timed exogenous cues, particularly mechanical stress, are 

less understood. Understanding the role mechanical stress plays in determining cell fate 

decisions can guide future differentiation protocols. The combinatorial effects of bio-

mechanical cues in conjunction with biochemical and other physical cues may improve 

differentiation yields and significantly reduce the time-frame for tailoring patient-specific 

regenerative therapies.

It is interesting to note that results from studies that have used cyclic strain on monolayers of 

ESCs contradict each other on whether strain increases or decreases expression of 

pluripotent markers.27, 52 Some research groups have found that dynamic stress 

environments can increase proliferation and inhibit differentiation.5, 11, 52, 57 Most notably, 

Saha et al. showed that cyclic strain inhibits ESC differentiation.52 However, a recent review 

discussed how applied mechanical stimulation does in fact direct differentiation of ESCs to 

cardiomyocytes.16 In contradiction to Saha et al.,52 the sum of these investigations on both 

cell monolayers and embryoid bodies (EBs, cellular aggregates to recapitulate the 

developing embryo) suggests: (a) short bursts of higher magnitude strain can decrease 

pluripotency, and (b) timing of applied cyclic stress affects differentiation, where early and 

prolonged exposure maintains pluripotency, but short durations at slightly later time points 

may increase cardiomyocyte marker expression.16 Similarly, although groups have studied 

the effect of fluid shear to derive endothelial cells from pluripotent stem cells,1, 2, 76 few 

have studied the role of mechanical stimulation to differentiate pluripotent stem cells to 

VSMCs,59 which control pulsatile flow in the vasculature. VSMCs can spontaneously 

differentiate from 10- to 15-day old EBs of human ESCs but not from two-dimensional 

culture.14, 15 On the other hand, Shimizu et al. determined on a cell monolayer of mouse 

ESCs that cyclic strain can induce VSMC differentiation from ESCs, with VSMC marker 

expression increasing as strain magnitude increases.59

Additionally, current pluripotent stem cell differentiation protocols produce VSMC and 

cardiomyocytes typically with fetal phenotypes.70, 77 Mature cells may induce ECM 

secretion that can affect the subsequent mechanical properties of tissues, which may impede 

matching mechanical and contractile properties of grafts to native tissue. Lack of mechanical 

stimulation can cause cardiomyocytes and VSMCs to dedifferentiate toward fetal 

phenotypes; thus, Zimmermann et al. reasoned that stimulation may accelerate maturation. 
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They showed that neonatal rat cardiomyocytes cast in collagen gels and subjected to uniaxial 

cyclic stress (10% and 2 Hz) more closely resembled adult cardiomyocytes with longer 

stress durations.78 Other studies performed with mouse39 and human ESCs64 gave similarly 

positive results. Likewise, Wanjare et al. has been the only group to direct regulation of 

VSMC mature phenotype for human ESCs and iPSCs; however, the study only used growth 

factors to induce maturation.70 Nunes et al. created a platform capable of generating hESC-

derived and hiPSC-derived cardiomyocytes using electrical stimulation.45 For both 

cardiomyocytes and VSMCs, it remains unknown if mechanical conditioning alone can 

regulate phenotype maturation.

Overall, the importance of mechanotransduction mechanisms on the regulation of 

cardiomyocyte function and contractile machinery has been demonstrated for heart 

development and following in vitro mechanical and physical stimuli. Indeed, a variety of 

models have been created to predict the impact of geometry and cell architecture in 

cytoskeletal organization of cardiomyocytes – a subject that has been reviewed elsewhere.58

Characterization of Cell Sheets: Model Output Data Collection

Building and refining a computational model requires experimental measurements; in 

particular, measurements on composition, structure, and function of a tissue-engineered 

scaffold-less patch and its individual cell sheet layers will be most informative for 

modifying future models. Myocardial and vascular tissues are comprised mostly of collagen 

and elastin, of which the ratio of each component in a cell sheet may affect its mechanical 

properties, such as uniaxial tensile strength and viscoelasticity. In addition, the organization 

of cells, proteins, and ECM affects cell sheet and tissue functional properties; for example, 

cells grown randomly will display isotropic behavior, whereas cells arranged in parallel 

alignment will more likely exhibit anisotropic behavior.

Measurements determined by biochemical (e.g., composition) and physical (e.g., patterning) 

analyses are unique in that they are outputs of the fabrication inputs, but also can be 

considered as inputs for models predicting tissue mechanical properties and cell behavior 

(e.g. growth and remodeling), which can be fed back into the model. Fabrication methods 

that incorporate biochemical cues (e.g., growth factors) and physical cues (e.g., contact 

guidance) can thus influence both cell secretion as well as the arrangement of structures in 

cell sheets and tissues. Experimental evidence suggests the value of incorporating a 

hierarchical system that ties structure-function relationships into computational models for 

cell sheet mechanics and growth. For example, our group fabricated polystyrene culture 

dishes with altered topography (grooves and ridges, 50 µm wide, 5 µm deep) and 

demonstrated that cell sheets of VSMCs grown and detached from these surfaces retained 

strong cellular alignment even after transfer from the original substrate (Figure 2 

Isenberg).30 We later showed that our cell sheets cultured on micro-textured silicone 

substrates (same patterning) were ECM-rich and several cell-layers thick; subsequent 

mechanical testing demonstrated mechanical anisotropy similar to native vessels and 

resulted in stiffness and strengths that were significantly larger in the direction of alignment 

(Figure 3 Isenberg).29 Using these parameters (cell alignment angle and sample thickness), 

we may be able to formulate a simple computational model to predict uniaxial tensile 
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strength; our group is currently collecting more experimental data for establishing similar 

robust correlations between these types of parameters.

Current State of the Computational Modeling Space in Relevance to 

Myocardial Tissue Patch Design

Although using merely experimental methods to optimize tissue design is possible, the large 

number of input and output variables would make design optimization costly, time-

consuming, and inefficient. Computational modeling offers one valuable solution to this 

problem; this section seeks to explore the current tissue engineering modeling techniques 

and how they can best be used to build the three tiered model structure we believe is 

necessary for predictive design of myocardial cell sheet structure and resulting patch 

mechanical function. As seen in Figure 5, this envisioned computational model would 

predict resulting patch moduli, tensile strength, and burst pressure based on cell sheet 

property inputs such as cell type, alignment, and the number of stacked layers. In addition to 

the inputs and outputs listed for each tier in the diagram, we have also referenced past 

studies that are most applicable to modeling the specific structure-function relationship 

within each tier.

TIER 1: Patterning

Current computational techniques relevant to single sheet mechanics model the constitutive 

stress-strain behaviors of soft tissue structures by using cellular and matrix properties as 

inputs. Many of the initial tissue engineering modeling efforts were focused on developing 

constitutive models that accurately predicted the mechanical properties of native tissues. 

However, more recent work has been devoted to applying similar mechanical models to 

tissue-engineered constructs. Two fundamental types of constitutive models exist: 

phenomenological models and microstructurally-based models. Phenomenological models 

adequately describe the stress-strain response of a material, but have limited predictive 

capability because they do not factor in how the microstructure is affecting ultimate 

function. We, therefore, believe microstructural models such as those outlined in Table 1 are 

the best way to model our monolayer cell sheets. The table includes examples of modeling 

both native tissues and tissue engineered constructs and embodies the techniques that we 

seek to employ in our own monolayer sheet engineering model.

TIER 2: Layers

Using the constitutive relationships within tier 1, the mechanical property values of 

individual cell sheets can be defined. These individual sheet model outputs then become the 

inputs for a finite element analysis of a multi-layered construct. Standard modeling of 

stacked materials requires knowledge of each individual layer’s mechanical properties as 

well as the types of connections at the boundaries between layers. Further experimentation is 

necessary to understand how individual sheets attach to each other and therefore, what types 

of connections are forming between layers. Once this is known, these connections along 

with the mechanical profile of each individual sheet establish a unique set of boundary 

conditions for solving the constitutive equations associated with the layered construct. 

Therefore, the optimal design could be determined in silico by iterating over the orientation 
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and stiffness of individual layers until the number and types of layers necessary to form a 

patch with the desired properties are determined.

TIER 3: In Vivo Response

The ability to predict engineered tissue constructs’ mechanical properties may not be useful 

for implantable patch design if the effects of in vivo conditions are unknown. Developing 

computational models to predict how a cell sheet-based tissue responds and reorients to 

external stimuli such as stretch as discussed in the above section on mechanical conditioning 

can help to (1) determine optimal culture conditions for obtaining desired patch property 

values and (2) to establish realistic expectations for how the patch will respond upon 

implantation. Table 2 documents examples of stimuli-response type models. A model 

similar to these could be employed to predict tissue response to external stimuli such as 

surrounding tissue growth and or other mechanical conditioning stimuli.

Summary and Future Directions

The use of computational modeling to predict mechanical properties and drive experimental 

fabrication of patient-specific myocardial and vascular patches would be an excellent use of 

this toolset. As more research groups continue to explore and optimize the use of different 

cell types with cardiac strengthening and regenerative properties, the library of relevant data 

will continue to grow. Surgeons can provide patient-specific design criteria to the 

computational model that can be used to fabricate a myocardial patch with the most 

promising surgical outcome. Ultimately, the process is iterative, continually building and 

improving on itself (Figure 4).

This theoretically ideal system relies on extensive data collection in several areas of the 

experimental fabrication process: cell selection, cell differentiation, tissue patterning, 

mechanical conditioning, and layering different combinations of tissues. The combinations 

are endless, and while modeling can be used to predict many of the outcomes, an initial 

investment in experimental data collection will be necessary to establish a reliable, effective 

modeling system. In addition, the existing models have much room for development of more 

reliable and effective prediction methods that will ultimately accelerate our efforts in 

creating a three-dimensional, vascularized scaffold-less myocardial patch. Challenges within 

the field that have not yet been sufficiently addressed include but are not limited to: the 

simulation-based estimation of patch failure as it relates to individual and layered cell sheets 

apparent strength, the collection of a standard database of cell and cell sheet properties that 

can be used as inputs to models across the field, and a method for establishing properties of 

crosslinking between layers. Also, important to consider are the differences between healthy 

and diseased heart tissue as they relate to patch fabrication and successful incorporation into 

the patient heart, more specifically understanding interactions between both layers within 

the patch and the patch-tissue interfaces. It is also important to note that each component of 

the modeling process have a sound method of experimental validation to demonstrate 

agreement between the model and experimentally collected data as well as other groups’ 

models. Most mechanical validation involves using both the uniaxial and biaxial tissue 

testing functionalities on a mechanical testing system to measure mechanical properties 

during elastic deformation, cyclic motion, and or ultimate failure; experimental values 
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should match those predicted by the model. Once established and validated, a robust model 

supported by substantial clinical and experimental data will certainly have an impact on the 

quality of therapeutic design and overall patient surgical care is expected to improve 

immensely.
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Figure 1. 
Two main methods for stacking cellular sheets after detachment from substrate. (a) After 

culturing of cells on temperature-responsive culture dish, they can be detached and stacked 

one of two ways: (b) simple pipette method or (c) hydrogel-coated plunger mechanism.
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Figure 2. 
Orientation of cells on micro-textured and non-micro-textured substrates before and after 

transfer. VSMC cell sheets maintained strong cellular alignment even after transfer.
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Figure 3. 
Results showing micro-patterned cell sheets with defined cell and extracellular matrix 

orientation exhibit anisotropic mechanical properties. Above: Cell sheet matrix composition 

quantification. Below: Mechanical data for aligned bovine aortic smooth muscle cellular 

sheets of various thicknesses and alignments.
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Figure 4. 
Iterative process involving fabrication and experimental testing, surgical implantation design 

criteria, and computational modeling.
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Figure 5. 
Ideal three-tiered model structure for predicting the mechanical properties of monolayer and 

stacked cell sheets.
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Table 1

Examples of previous computational tissue engineering work that could be leveraged when creating Tier 1 of 

the model.

Author Year Hallmark of Model

Lanir34 1983 Prediction of growth and remodeling of tissue with aligned fibers (specific attention to tissue microstructure, 
dimensions, and mechanical properties) when an external load is applied to the tissue.

Wuyts73 1995 Incorporation of wavy collagen, elastin, and smooth muscle cells.

Elson68 2000 Tissue model that uses both extracellular matrix and cellular components to predict mechanical properties of a 
fibroblast-populated matrix, a type of connective tissue model.

Holzapfel26 2002 Framework to describe arterial mechanics by treating the tissue as a two-layered structure with fibers oriented in 
different directions between layers.

Sacks51 2003 Structural constitutive model based on fiber orientation information obtained by using small angle light scattering. 
Model accurately predicted measure biaxial mechanical response of native bovine pericardium.

Zulliger13 2004 Incorporation of unfolding collagen fibers during loading and unloading.

Gasser79 2006 Strain energy formulation that incorporated aligned fibers with dispersion.

Barocas32 2013 Models the passive mechanical contribution of cells in tissues by representing them as dilute spherical inclusions, 
allowing for the computational study of ECM-cell interactions.

Chesler18 2014 Review of cardiac tissue structure and properties from a materials science perspective.
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Table 2

Examples of previous computational tissue engineering work that could be leveraged when creating Tier 3 of 

the model.

Author Year Hallmark of Model

Humphrey28 2003 Theoretically constrained mixture growth model to predict development of residual stresses and changes in material 
properties by considering that each component of the artery can evolve separately with its own turnover rate.

Driessen8 2008 Simulates the structure remodeling in cardiovascular tissues associated with the angular collagen fiber distribution 
within the arterial wall and aortic valve.

Raykin50 2009 Framework for gel-based tissue-engineered blood vessels that predicts tissue geometry and material properties for gels 
under both static and dynamic loading conditions.

Kroon31 2010 Incorporation of remodeling and reorientation of collagen fibers by assuming collagen fibers reorient toward the 
direction of maximum Cauchy stress; model successfully predicts both collagen alignment and stress-strain curves of 
the tissues.

Kroon31 2010 Computational model for myocardial tissue that assumes fibers reorient to minimize shear; model successfully predicts 
myofibril reorientation of native tissue under hemodynamic loads.
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