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Abstract  

Focal adhesions are the large molecular complexes that anchor cells to the ECM, which 

is involved in cell spreading, migration, and proliferation. In our previous work, the 

study of cardiomyocyte morphological changes and myofibril remodeling, responding 

to the dynamic nano-topographic substrate, have been accomplished. The results 

showed focal adhesion experienced disassembly and reassembly in the first 12 hours. 

In this study, the hiPSC-CMs were seeded on the SMP substrates with the flat-to-

wrinkle dynamic surface. Paxillin, vinculin, and zyxin from different layers of focal 

adhesive architectures were co-stained with F-actin. The fluorescent images were 

analyzed to investigate the details of focal adhesions remodeling and the dynamics of 

costameres in the first stage post triggering the substrate wrinkle formation. 
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1. Introduction  

1.1. Cardiomyocyte Structure and Organization 

1.1.1. Cardiomyocytes 

Cardiomyocytes are muscle cells that only exist in hearts. Like skeletal muscle, 

cardiomyocyte is a kind of striated muscle that has myofibers composed by repeated 

functional unit called sarcomere. The actin and myosin form thin filament and thick filament, 

respectively, within the sarcomere, which enables the contraction of the muscle cell. The 

developmental program of cardiac muscle tissue is the result, and it is driven by the 

complexity of extracellular matrix (ECM) interaction, non-cardiomyocyte interactions, 

mechanical stimuli, etc. With the maturation of cardiomyocyte, the morphology of cell 

changes from round shape in early fetal and late fetal stages to elongated rod shape1,2 (Figure 

1). Meanwhile, the surface area of cardiomyocytes increased largely from 1,000-1,300 μm2 to 

10,000-14,000 μm23. In neonatal cardiomyocytes and adult cardiomyocytes, the cells are 

more aligned compare to either fetal stage. The better alignment enhances the conduction of 

electrical signals between cells, which augment tissue contractility4,5. 
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Figure 1 Maturity of cardiomyocytes. Human induced pluripotent stem cell (hiPSC)-derived 

cardiomyocytes (left) and adult cardiomyocytes (right) demonstrating the structural and 

organizational changes during maturation6. 

 

1.1.2. Focal adhesions 

Cells need to anchor to the ECM to keep the appropriate morphologies and functionalities. 

These anchors are mediated by cell-matrix adhesion junctions. Focal adhesions, the assembly 

of multiple proteins serving as the linkage, are responsible for the mechanical signal 

transmitting between cells and the ECM. Under the observation of immunofluorescence 

microscopy, focal adhesions are bar-shaped structures clustering at the end of cytoskeleton 

actin filaments and myofibers7. The structures and various focal adhesion components have 

hardly been analyzed completely. In 2010, Kanchanawang et al. demonstrated the three-

dimensional architecture of focal adhesions by utilizing interferometric photoactivation and 

localization microscopy, and photoactivation fusion proteins8. In nanoscale, the organization 

of focal adhesions can be mainly divided into three layers: the outermost signaling layer, 

containing integrins, focal adhesion kinase (FAK), and paxillin, penetrates the plasma 

membrane of a cell and directly forms the attachment to ECM; the innermost layer, 

containing α-actinin, zyxin, and vasodilator-stimulated phosphoprotein, connects with actin 
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bundles; and a force-transduction layer, containing vinculin and talin, lays intermediately and 

isolates integrin layer and actin layer with a distance of 40 nm (Figure 2). 

 

 

Figure 2 Schematic model of the focal adhesion complex9. 

 

Focal adhesions are involved in cell migration, cell proliferation, and mechanical signaling, 

etc. The two-dimensional migration of cells relies on the dynamics of focal adhesion 

turnover. This process can be described as a classical model with three steps: protrusion of 

cell leading edge form lamellipodium; assembly of new focal adhesions enhances the cell 

attachment in the leading edge; focal adhesions disassemble in trailing edge, which helps cell 

achieve the migration10. Talin has been proven to be induced during striated muscle 

differentiation and the absence of β1 integrin impairs the differentiation of cardiac muscle 

cells11,12. The stability of focal adhesions affected by the activation of FAK regulates the 

paxillin nuclear transport, which is highly associated with the proliferation of various cancer 

cells13. Nardone et al. found that YAP controlled by the modification of ECM regulated the 

formation of focal adhesions transcriptionally, which further determined the cell mechanics14. 

 

In 2018, Dylan T. Burnette found that the stabilization of focal adhesions enables an earlier 
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recruitment of α-actinin-2 to form Z-bodies in the edge of a cell and accelerated the 

maturation of myofibrils. The stabilized focal adhesion might allow greater coupling of 

myofibrils with the ECM and, therefore, slowing the retrograde movement of muscle stress 

fibers15. Focal adhesions have been reported as the initial sites for the formation of 

costameres and several focal adhesion components are highly associated in the sarcomere 

formation. Vinculin, the protein existing in the force transduction layer of focal adhesion 

complexes is a prerequisite for the mature sarcomere formation16. Also, the activation of 

FAK caused by autophosphorylation is necessary for the reorganization of  sarcomeres17,18. 

 

1.1.3. Costameres 

Sharing many structural features like focal adhesions, the costameres are another set of cell-

matrix adhesions that can only be found in striated muscle. Originally, the term costamere 

was used to describe a vinculin-containing cortical lattice in muscle cells19. In 

cardiomyocytes, costameres are rib-like subcellular structures aligning with the Z-line of 

sarcomeres20 (Figure 3). Dystrophin glycoprotein complexes and integrin-vinculin-talin 

complexes are two major costameric complexes reported to link the Z-line with ECM through 

sarcolemma (Figure 4). Costameres, serving as the linkages between sarcomeres and ECM, 

master the conduction of contractile force generated from sarcomeres to ECM and sense the 

external force from ECM to the cells21,22. Thus, it is rational to expect that the stabilization 

and integrity of costamere structures are pivotal for the normal contraction of muscle cells.   
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Figure 3 Location of costameres in striated muscle. A, schematic diagram indicating that 

costameres are sites anchor z-discs of sarcomeres to sarcolemma. B, costameric γ-actin 

staining showing striated pattern on normal sarcolemma. Scale bar, 10 μm23. 
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Figure 4 Costamere protein complex anchoring Z-discs to ECM through membrane. 

Dystrophin glycoprotein complex and integrin-vinculin-talin complex are two major 

costameric complexes24. 

 

In addition to mechanotransduction, costameres are associated with the de novo assembly of 

sarcomeres. During the initial stage of sarcomere formation, the talin, α-actinin, and integrin 

β1 are clustering periodically at the plasma membrane (Figure 5), which suggests that 

costameres, providing anchoring sites for sarcomeres at the membrane, are pioneers for the 

myofibril assembly in vivo25.  
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Figure 5 Immunofluorescent micrographs in Makoto Kanzaki' work. A, talin (red) co-

localizing with α-actinin (green) aggregating beneath membrane of differentiated cell showed 

striated pattern. Scale bar, 5 μm. B, immunofluorescent staining showed integrin β1 (green) 

and talin (red) clustered at the plasma membrane of myotubes after EPS for 2 hours. Scale 

bar, 10 μm25. 

 

Though sharing similar functions and components, the dynamic of costameres and focal 

adhesion turnovers have rarely been studied connectedly. Protocostameres are the sites where 

Z-bodies are recruited for initializing the myofibril assembly16,26. However, the differences 

between protocostameres and focal adhesions in striated muscle cells are materially limited. 

Thus, it is logical to conclude that protocostameres are the intermediates between focal 

adhesions and costameres during the process of sarcomere assembly, which is important for 

investigating the dynamic relationships between focal adhesions and costameres. 

 

1.1.4. Human induced pluripotent stem cell-derived cardiomyocytes 

In the studies of myocardial mechanobiology and regenerative medicine of myocardium, one 

of the challenges is the cell resource. The freshly isolated human CMs used to be employed 

in the experiments. However, they are plagued by the shortcoming of the insufficient donated 
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explants. To address the availability of human CMs, then the animal cell lines were then 

extensively utilized in drug tests, nevertheless, they are also limited by the inaccuracy 

crediting to the inherited differences comparing to human. The human-induced pluripotent 

stem cell-derived cardiomyocytes (hiPSC-CMs) address most of the listed challenges with 

the maturity of differentiation and maintaining methods27–29. However, researchers are still 

struggling with the immaturities of hiPSC-CMs manifesting as the unaligned morphology, 

disorganized sarcomeres, and contractions30–32. For the seeking of the mature hiPSC-CMs in 

vitro, researchers have created extensive methods to mimic the natural microenvironments 

and physical/chemical signals to stimulate hiPSC-CMs. A common approach is to optimize 

the topography of ECM. 

 

1.2. Topographical Clue of Extracellular Matrix and Cell-Matrix Interaction  

1.2.1. Extracellular Matrix  

The extracellular matrix (ECM) is a three-dimensional non-cellular structure that provides 

physical support and biochemical guidance to cells. In general, proteoglycans and fibrous 

proteins (including collagens, laminin, elastin, and fibronectin) are two main sets of proteins 

that make up the ECM33,34 (Figure 6). However, ECM existing in different tissues has a 

different composition, which suggests that their properties are unique. In healthy cardiac 

tissue, the collagen I is prevalent, while, in injured myocardium, collagen III is predominant, 

for instance35. By applying the decellularization of natural tissues, people gained the ECM of 

different organs. Hideaki Fujita’s group seeded embryonic stem (ES) cells in liver ECM and 

cardiac ECM from mouse tissues. The results showed ES cells on heart ECM expressed more 

cMHC and cTnl in both transcription level and translation level after 3-weeks of cardiac 

differentiation, which indicated that the heart ECM induced the cardiomyocyte differentiation 
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of ES cells36. With cells linked by focal adhesin, activities of ECM are related to cell 

differentiation, cell proliferation and cell migration. In mammal hearts, ECM is produced by 

fibroblast (a large population of non-muscular cells in the heart) and plays as the anchor for 

cardiomyocytes37. Conducted by focal adhesions, the ECM provides mechanical cues to cells, 

and the cells sense the signals and respond in turn, which forms the interactions between cells 

and ECM. For instance, ECM with different stiffnesses would affect the force generation of 

cardiomyocytes while RhoA/ROCK pathway is involved in assisting cardiomyocytes to adapt 

a wider variation of ECM stiffnesses38. 

 

Figure 6 Components of ECM proteins39. 

 

 



10 

 

 
Figure 7 Results of ES cells cardiac differentiation.  

1.2.2. Topographical cues to cells 

Given the critical role ECM plays in cell development, biophysical cues from different 

topography of substrates have been created and used by researchers to positively affect cells. 

Polydimethylsiloxane (PDMS), a non-toxic biological polymer, has been widely used for 

creating the surface pattern in substrate polymerizations. In 2013, Cesare M. Terracciano 

utilized photolithography for microtexturing the PDMS substrate with microgrooves (Figure 

8 E). The microgrooved PDMS was coated with fibronectin for cardiomyocyte attachment. 

Cardiomyocytes were then seeded on the structured (microgroove patterned) and non-

structured (flat) substrates for comparison. The results showed the alignment of 

cardiomyocytes on the microgrooved surfaces had been promoted. The Ca2+ cycle in the 

microgrooved group was shortened significantly compared with the flat group, which 

suggested the microgroove pattern may help the maturation of induced pluripotency stem 
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cell-derived cardiomyocytes (hiPSC-CM) (Figure 8 A-D)40. In 2016, Song Li et al. used the 

above described method to create substrates with microgrooves and investigated the effect of 

biophysical cues to cardiomyocyte reprogramming. The data indicated that the expression of 

cardiomyocytes genes has been enhanced after 2 days culturing on the microgrooved 

substrates, and the yield of the reprogrammed striated cell has been improved after 10 days, 

which indicated the microgrooves can accelerate the reprogramming process via enhancing 

gene expression and sarcomere structures41. Wei-Bor Tsai fabricated nanoscale groove 

structures on substrate surface to investigate the cell elongation, alignment, and focal 

adhesion alterations on nanoscale groove substrate (Figure 9). PDMS was used to 

complement the nanotextured silicon wafer. 5% (w/v) polystyrene (PS) in toluene and 20% 

(w/v) polyurethane (PU) in dimethylformamide were covered with carved PDMS to form 

nanogrooved PU and PS surfaces. After 2 days culturing, the focal adhesion complexes on 

nanogrooved surfaces were parallel to grooves and less isotropic than on flat surfaces42. 
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Figure 8 Microgrooved pattern utilized in cardiac research. A-D, results of iPSC-CMs 

cultured on microgrooved substrate and flat substrate. A, immunofluorescence of iPSC on 

unstructured PDMS. B, microgrooved PDMS, red is sarcomeric α-acin, blue is DAPI, scale 

bar, 20 μm. C, cell alignment of iPSC-CM on structured and unstructured substrates. D, time 

to peak of Ca2+ transient. E, flow chart of microgroove substrate fabrication40. 

 



13 

 

 

Figure 9 Focal adhesions staining using vinculin as mark. Immunofluorescent image showed 

the vinculin formation is align with the direction of groove42. 

 

Another application of photolithography for patterned substrate surfaces is the nanopillar 

topography. Normally, a PDMS or polyurethane acrylate (PUA) plate with a nanopillar 

pattern is used as the mold. The mold then may contact conformally with a glass whose 

surface has been dropped with poly (ethylene glycol)-dimethacrylate (PEG-DMA) or other 

biomaterials with the capability of serving as substrates. The molded sample will be cured 

under UV light for crosslinking and then be peeled off the mold (Figure 10 A) when the 

substrate with nanopillar topography is ready (Figure 10 B)43.  
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Figure 10 Nanopillar PEG-DMA substrate. A, schematic illustrating of PEG-DMA 

nanopillar topographic substrate fabrication. B, SEM image of nanopillar PEG substrate. (a) 

the large area view showing patterned region (dark area) and non-patterned region (light 

area). (b) the magnified view of the nanopillars of the box in (a)43. 

 

Peilin Chen used this pattern with different pillar heights to investigate the movements and 

focal adhesions of cells. The results showed that with pillar heights of 800 nm and 1200 nm, 

the focal adhesions of ovary cells formed directionally aligned with the vertical and 

horizontal direction of pillar arrangement (Figure 11)44.  
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Figure 11 Immunofluorescent images of cells on substrates with different height of 

nanopillars44. 

 

Based on the nanopillar surface, Dong-Weon Lee’s group added the microgroove pattern on 

the tip of the pillar. The process flow is shown as Figure 12 A. The results indicated that the 

cardiomyocyte alignment and the cardiomyocyte beating on pillars with grooves were 

isotropic along with groove direction, while were anisotropic on pillars without grooves. The 

contraction force of cardiomyocytes is significantly higher on pillars with grooves45.  
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Figure 12 Nanopatterns used in cardiac research. A flow of PDMS pillar arrays with grooves 

on the top; B, SEM image of cross-sectional view of grooves pattern on pillars; C, vector 

analysis of cardiomyocytes beating; D, contraction force on pillar arrays with or without 

grooves. 

 

Except for nanopillars and nanogrooves, the employment of electrospinning enables a cost-

effective and simple fabrication of a nanofiber scaffold, which augments the comprehension 

of the role that ECM plays on affecting tissue engineering application. Seeram Ramakrishna 

fabricated nanofiber substrates by polycaprolactone (PCL) and polycaprolactone/gelatin 

(PG). The substrates were designed as random PG/PCL composite fibrous substrates and 

aligned PG/PCL fibrous substrates (Figure 13). The cell experiment showed that aligned PG 

nanofibrous scaffolds enhanced cell attachment and promoted cell alignment along fibrous 

direction46. Another application of a nanofibrous substrate from the same group was using 

poly (D, L-lactide-co-glycolide) (PLGA) and poly (D, L-lactide-co-glycolide)/collagen 

(PLGA/Col) as the substrate material to investigate how fibrous substrate affects embryonic 

stem cell differentiation. The result showed PLGA/Col whose fiber diameter is smaller 
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provided better mechanical and chemical support enhancing ESCs growth and differentiation 

to cardiomyocytes47. 

 

 

Figure 13 SEM image of nanofibrous substrate. A, random PCL; B, random PG; C, aligned 

PCL; D, aligned PG46. 

 

In 2009, Michelle Khine’s group fabricated nanowrinkled texture with different scales. A 

metallic layer using gold-palladium was deposited on the PS prestressed sheet. Then the PS 

sheet was induced to shrink thermally, during this process, the metal layer on the PS sheet 

was brought to form anisotropic or isotropic wrinkles, depending on the direction of shrink. 

The wrinkled metal layer was used as the lithography mold to generate the PDMS substrate 

with a complimentary wrinkle surface (Figure 14)48. 
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Figure 14 Formation of wrinkle surface and SEM images. Shrinking of PG under thermal 

treatment brings gold layer (a) forming biaxial wrinkles (b) and uniaxial wrinkles (c)48. 

 

Employing the above protocol, Dr. McCloskey seeded cardiomyocytes and human embryonic 

stem cell-derived cardiomyocytes (hESC-CMs) on nanowrinkled substrates. The results 

showed that the cardiomyocytes and hESC-CMs had better alignment and actin orientation on 

the nanowrinkled surfaces (Figure 15)49. 

 

In 2013, Franceso Greco modified Khine’s protocol and fabricated the PS substrate and 

generated the wrinkle surface using poly (3,4-ethylenedioxythiophene): poly (styrene 

sulfonate) (PEDOT: PSS) coating. The thermo-retractable PS sheet was treated by air plasma. 

Then the PEDOT: PSS was spin-coated on the surface of a polystyrene sheet. As the PS 

substrate with PEDOT: PSS coating was under thermal treatment, the wrinkle formed, and 

the direction of wrinkle aligned with the shrink direction, perpendicular to clamps (Figure 

16). The C2C12 cells were seeded on both a nanowrinkled surface and a flat surface. The 
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results indicated that the wrinkled structures were able to transfer a preferential guidance to 

the fibroblasts, which further directed C2C12 cells and enhanced their alignment along the 

wrinkle direction50. 

 

 

Figure 15 Fluorescent images of cardiac tissue on flat surface (A, B) and nanowrinkled 

surface (C, D). Red, actin; Green, N-Cadherin; Blue, nuclear staining DAPI, scale bars = 100 

μm. E, anisotropy analysis of actin orientation on wrinkled surface (red line) and flat surface 

(black line) after 7 days culturing49. 
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Figure 16 Sketch of wrinkled surface substrate formation. Red arrows in (f) and (g) showed 

wrinkle directions, red boxes in (f) and (g) showed SEM image of nanowrinkle topography50. 

 

In a 2018 study, Morteza Mahmoudi and their colleagues used a subtle method to create a 

multiscale topographic substrate. The mature cardiomyocytes were cultured and fixed on a 

flat surface to form the mold. PDMS was used as complementary and formed the “cell-

imprinted substrate”; a PDMS covering on the top of a semi-cylinder-patterned surface 

formed the substrate with cell scale sinks is defined as a “micropatterned substrate” (Figure 

17); the induced cardiomyocytes cultured on a micropatterned substrate fixed to form the 

mold on which the PDMS is dropped to generate the substrates is called a “multiscale-

imprinted substrate”. iPSCs were then cultured on these three different substrates and were 

induced to differentiated into cardiomyocytes. The results indicated that the multiscale 

imprinted substrates were able to accelerate the differentiation process most effectively while 

the micropatterned substrates were excellent at maturing the induced cardiomyocytes51. 
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Figure 17 Schematic representation of microfabrication and cell-imprinting process. 

Micropatterned surface is shown as (6), the red columns in (7), (8), (9) stand for 

cardiomyocytes. (10) illustrates the multiscale imprinted substrate51. 

 

1.2.3. Cell response to dynamic substrate 

The situation of cell morphologies and cell actions on substrates with multiple topographies 

has been well studied, and researchers are still creating new platforms to alter the substrate 

surfaces for mimicking natural ECM. The natural extracellular microenvironment where cells 

live is highly dynamic, which directs cells temporally and spatially through chemical cues, 

physical cues, or both. However, how cells respond to the dynamic alterations from ECM has 

been limitedly understood. Shana O. Kelley used potential responsive surfaces to investigate 

how the cell adhesions and cell differentiation had been facilitated dynamically under 

different potentials. The results showed that under 200 mV for 2 hours, the RGD (Arg-Gly-

Asp) peptides were exposed and the cell adhesion was strengthened; while shifting the 

potential from 200 mV to -200 mV for 1 hour, the RGD was concealed and cell attachment 

was decreased significantly (Figure 18)52. In addition to the alteration of ligands on a surface, 

the dynamic alteration of topographic features can also guide cell activities. James H. 

Henderson’s group used a shape memory polymer to demonstrate that a micron-scale 

grooved surface could recover to flat under thermal treatment. During this dynamic process, 

the cells seeded on the substrate experienced morphological remodeling from anisotropic 

(align to groove direction) to isotropical53.  

 



22 

 

 

Figure 18 Potential responsive material in Shana O. Kelley’s work. A, sketch shows 

potential-responsive RGD peptide regulating cell adhesion. B, Fluorescent images of cells on 

substrates under different potentials52.   

 

Kenneth B. Margulies’ group utilized a magnetic field to change the stiffness of the 

substrates and investigated the dynamics of cardiomyocyte responses against different 

stiffness substrates. The stiffness of substrate was negatively related to the distance between 

the substrate and the magnet. The results indicated that the cardiomyocyte spreading, percent 

of myofibroblast activation, and sarcomere organization were related to the stiffness of the 

substrate. When the stiffness decreased, the sarcomeres became disorganized (Figure 19)54.  

 

Jennifer L. Young and Adam J. Engler fabricated hydrogels using thiolated-hyaluronic acid 

(HA) whose elastic module increases time-dependently. The cardiomyocytes were cultured 

on it to see how the changing stiffness from hydrogel guided the cell activities. The alignment 

of cardiomyocytes was enhanced and the late cardiac marker expressions were augmented, 

which indicated a dynamic HA hydrogel substrate enhanced the maturation of cardiac 

muscle55. 

 

Deok-Ho Kim’s group, using shape memory polymer, fabricated a substrate having the 
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capability of changing nanotopographic cues of the surface. The orientation of nanogrooves 

on the surface could practice an orthogonal orientation transition under 37 ℃ treatment. 

Cardiomyocytes on the permanent static grooved substrates served as a control group to 

examine how cardiomyocytes respond to the dynamic nanotopographic clue. The results 

indicated that the contraction orientation, as well as nuclei alignment, were in line with the 

groove direction before the transition and were more random after transition (Figure 20)56. 

Nevertheless, most studies about dynamic substrate focus on the comparison of cells in 

different microenvironments, which can be seen as end-to-end researches. The real-time 

situation of cells during substrate change is still poorly understood. 

 

 

Figure 19 Magnet responsive materials in cardiac research. Dynamic control of substrate 

stiffness, the magnetic field was tuned by the distance between magnet and substrate. B-D, 

results of cell experiment with spreading (B), percent myofibroblast activation (C) and 

sarcomere organization (D)54. 

 

1.2.4. Applications of active biomaterials for focal adhesion research 

Shape memory polymers are materials polymerized by a single or multiple monomers and 

have the ability to recover the original shape after deformation under certain stimulations 
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such as light activation57, water or solvent driven58, thermal activation59, etc. The assembly of 

focal adhesions has been proved to be affected by texture properties of a substrate60,55,56 , but 

when the substrate topographic clue changed, the focal adhesion complexes have disrupted 

during the substrate dynamic (Figure 20 C)56. Takao Aoyagi’s group utilized a temperature-

responsive PCL film to investigate the cell morphological change during substrate dynamic 

change. During the crystal-amorphous transition of PCL, the surface changed from rough to 

flat, during this process, the cells shrank into balls and further detached61. 

 

Paolo A. Netti’s team seeded NIH-3T3 fibroblasts on a polymer with a light-responsive film. 

The vinculin was stained to illustrate the behavior of the focal adhesions. The results showed 

the focal adhesion orientations changed dramatically after 24 hours’ seeding on substrates 

with flat surfaces, wrinkled surfaces, and wrinkled to erased surfaces. The directions of focal 

adhesions were anisotropic on the flat surfaces first, and in line with the wrinkle direction 

then, and finally became anisotropic again on erased surfaces62. However, in the study, the 

results were collected after seeding on each status of substrate for 24 hours, which means the 

cell responses caused by dynamic substrate have completed and the dynamic responses of 

cells are still missing.  

 

The shape memory polymers having the merit of changing topography gradually with living 

cells provide an opportunity to study the dynamics of cells responding to substrate changes.  

Focal adhesions are the large molecular complexes that anchor cells to the extracellular 

matrix (ECM), which is involved in cell spreading, migration, and proliferation. In our 

previous work, the study of cardiomyocyte morphological changes and myofibril remodeling, 

responding to dynamic nano-topographic substrate, have been documented. The results 

showed focal adhesions experienced disassembly and reassembly in the first 12 hours. 
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However, when the disassembly and reassembly happened exactly and how the progress was 

are still unknown. To investigate the details of focal adhesion remodeling, paxillin, vinculin 

and zyxin were chosen as markers to stand for three layers of focal adhesive complex from 

the ECM side to the cell plasma side. The length, fluorescence signal intensities, densities of 

stained structures were examined for tracking the sequential alteration of focal adhesion 

complex. 

 

 

Figure 20 Utilization of SMP in focal adhesion study. A, AFM images of topographies 

before shape transition and after shape transition. B, contraction orientation and nuclei 
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alignment of cardiomyocytes on substrate before and after shape transition. C, vinculin 

orientation distribution before and after shape transition56. 

2. Materials and Methods 

2.1. Overall 

To investigate the responses of cardiomyocytes to the surface change, the shape memory 

polymer was used to create a dynamic topography. Generally, the whole process can be 

described as the preparation of cells and polymers, dynamic substrate formation, and data 

collection and analysis. For the preparation of polymers, the Tert-Butyl Acrylate (tBA) was 

employed as the main monomer in fabrication for giving the property of recovery shape at 

low temperature, which fulfills the prerequisite of cell survival. The polymer processing 

includes polymer fabrication, stretching, coating for wrinkle surface, sterilization, and coating 

for cell attachment. Then, cardiomyocytes were seeded onto the polymer surface under the 

temperature ensuring polymer non-deformation as well as cell survival. The polymers with 

cells were switched to a higher temperature for triggering the formation of wrinkle surface. 

The data was collected at different time points after polymer starting recovery for analyzing 

the cardiomyocyte responses. 

 

2.2. Shape Memory Polymer Fabrication and Processing 

2.2.1. Polymer Fabrication 

The shape memory polymer has four components including the monomers Tert-Butyl 

Acrylate (TBA) and Butyl Acrylate (BA), and crosslinker Tetraethylene glycol 

dimethacrylate (TEG DMA), and photoinitiator 2,2-dimethoxy-2-phenyl acetophenone 

(DMPA). TBA, the main material giving polymer the property of shape recovery weighs 95 
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present of monomer solution while BA weighs 5 present. DMPA weighs 1 present of total 

weight of TBA and BA. The volume of TEG DMA is the same as the volume of BA. The 

volume of TBA and BA can be calculated as followed:  

TBA: 

((Mass of DMPA in grams) * (weight percent of TBA)) 

(density of TBA) 

 

BA: 

((Mass of DMPA in grams) * (weight percent of BA)) 

(density of BA) 

 

In the formulas, the density of TBA is 0.875 g/ml while the density of BA is 0.894 g/ml.  

The mold used to contain the mixed polymer solution includes two glass slides and one 

Teflon spacer between two glass slides, which form a sandwich-like structure. The inner side 

of each glass slide needs to be coated with Rain-X to make it hydrophobic, which avoids 

crosslinked polymer adhering to the glass slides. The binder clips were employed to clamp 

the periphery of glass-Teflon-glass structure to avoid leakage. 

 

As added the mixed solution into mold, the mold was moved into an ultraviolet (UV) box for 

crosslinking. After 1-hour crosslinking, the solid polymer was removed from mold and 

immersed into 50% methanol solution (methanol: deionized (DI) water, 1:1 v/v). Methanol 

solution with polymer was placed to a shaker for six hours to extract the TBA and BA 

monomer from crosslinked polymer. The washed polymer was placed into a chemical hood 

for drying over six hours and then further drying by putting into a vacuumed oven for six 

hours under room temperature. The twice-dried polymer was ready to use. 
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2.2.2. Polymer Stretching 

Fabricated polymers need to be cut into small pieces with size 2.3 cm × 0.5 cm, rectangle 

shape. The stretching of cut polymer was carried out manually. One piece of polymer was 

fixed with 2 clips of a stretcher, which was tightened by 4 screws applied ~3N forces. After 

setting up, the stretcher together with polymer were placed in a 70 ℃-preheated oven for 10 

minutes. When the polymer became ductile and soft, slowly stretched the polymer by rotating 

the knob of the stretcher to 140% of its original length. The stretched polymer and stretcher 

were taken out of the oven and cooled down to room temperature. Then the polymer is ready 

for the next step processing. 

 

2.2.3. Polyelectrolyte Multilayers (PEM) Film Deposition 

The wrinkle pattern on SMP surface comes from the PEM layer that can be brought by the 

shrink of SMP during the recovery and forms the wrinkle. The PEM film consists of a layer 

of PEI, 20 layers of PSS, 20 layers of PAH coating, and 80 times of water rinse. The 

stretched polymer was fixed by double-sided tape in the center of a spin coater. Firstly, the 

PEI solution was dropped onto the top of polymer by pipette. The surface of polymer needed 

to be fully covered by PEI liquid drop and then spin-coated for 12 seconds at 3000 RPM. The 

next coming was 20-bilayers coating. Each bilayer included one layer of PSS coating, two 

times of DI water rinses, one layer of PAH coating, and two other times of water rinses. After 

every time liquid coating including PAH, PSS, and DI water, the spin coating was 12 seconds 

at 3000 RPM. 
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2.2.4. Geltrex Coating 

After the PEM coating, the polymer needs to be cut into smaller pieces that are accord with 

the size of a single well of 48-well plate. The cut polymers were then sterilized under UV in 

the hood for 1 hour (30 minutes for one side, double sides). The sterilized polymers were 

moved into 48-well plate with Geltrex solution in the well. The polymers with 48-well plate 

was then placed under room temperature overnight, which is to help the attachment of 

cardiomyocyte. The protocol of polymer fabrication and processing is shown in Figure 21. 

 

 

Figure 21 Schematic illustration of SMP fabrication and PEM coating. 

 

2.3. Cell Preparation 

2.3.1. Cell Culture 

The cardiomyocytes derived from human induced pluripotent stem cells. hiPSC-CMs are 

maintained using RPMI media with B-27 supplement (RPMI-B27) in 6-well plates in the 

incubator with 5% CO2 under 37 ℃. The media needs to be refreshed every 2 days. 

 

2.3.2. Cell Seeding 

After aspirating the medium in well, the hiPSC-CMs were washed using PBS to rinse the 
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remaining medium. Then 0.025% trypsin was added into well for 5 to 12 minutes under 

37 ℃ for cell detachment. 37 ℃ preheated EB 20 was then added into the well to end the 

digestion of trypsin. The cell suspension was centrifuged at 800 RPM for 5 minutes. After 

centrifuge, getting rid of the supernatant and re-suspending cells with RPMI-B27 media. 

RPMI-B27 for re-suspending cannot be warmed up with a temperature higher than 30 ℃ to 

avoid polymer recovery. Based on the optimization, 30,000 hiPSC-CMs were seeded into one 

well (48 wells plate) containing one piece of geltrax-coated SMP-PEM substrate. 

Hemocytometer was utilized to count cell for guaranteeing the seeding number. The volume 

of the medium for each well was 500 μl. Y-27632, a ROCK inhibitor was added into 

suspension to make a 10 nM concentration solution. After cell seeding, the 48 well plate was 

incubated in a 30 ℃ incubator with 5% CO2. The medium should be refreshed in the next day 

after cell seeding to get rid of the ROCK inhibitor. 

 

2.4 Data Collection 

2.4.1 Triggering Wrinkle Formation 

Cardiomyocytes on SMP-PEM were allowed to spread for 2 days at 30 ℃. Then, the plate 

was transported to 37 ℃ to initiate the polymer recovery, as well as wrinkle formation. The 

hour 0 is defined as the cardiomyocytes at this point. For timeline experiments, one polymer 

with cardiomyocytes was taken out the plate each 1 hour from hour 0 to hour 6, which gave a 

total of 7 samples recorded as hour 0, hour 1, hour 2, hour 3, hour 4, hour 5 and hour 6. The 

polymers taken out were then operated to fix the cardiomyocytes (Figure 22 A). For the 

baseline, the cardiomyocytes were allowed to grow on static flat surface, static wrinkled 

surface and dynamic wrinkle surface for 36 hours after triggering wrinkle formation, then the 

samples were taken out for fixation and staining. The flat surface was the polymer recovering 
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to its original length after stretching, then the 20 bilayers PEM coating were implemented. 

The static wrinkle surfaces were PEM-coated polymer recovered before cell seeding. The 

cardiomyocytes were directly seeded on the wrinkled surface (Figure 22 B). 

 

2.4.2 Cell Fixation and Fluorescent Staining 

After taken out, the polymers were washed by PBS for 3-5 times, 4% PFA solution was used 

to fix the cells. After treating by PFA for 20 minutes, the samples were washed by PBS 

solution for 3-5 times again. 0.2% triton solution was then added into wells to cover the 

polymer for 5 minutes. Next, 2% BSA solution was used to replace the triton solution to 

cover the polymer for 30 minutes. After removing the BSA solution, the primary antibodies 

of zyxin, vinculin, and paxillin were used to incubate the polymers for 1.5 hours. The 

working concentration of primary antibodies was 1-4 μg/ml. After primary antibody 

incubation, washing samples by PBS for 3-5 times, added secondary antibodies to stain the 

proteins labeled with primary antibodies. Also, the conjugated anti-actin antibody was used to 

stain thin filaments in sarcomere and skeletal actin fibers. The secondary antibody incubation 

needed 1.5 hours as well. Upon removing the solution with secondary antibody and anti-actin 

antibody, the samples were washed by PBS for 3-5 times and DPAI solution was used to 

stain the nucleus for 10 minutes.  
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Figure 22 Schematics showing the design of cell seeding. (A) The timeline experiments and 

(B) the baseline experiments. 

 

2.4.3. Measurement and Analyses 

Fluorescent images of cardiomyocytes were captured using a 40× oil objective on a Nikon 

microscope. The brightfield channel was used to determine the direction of wrinkles and the 

fluorescent channels were used for examining the different components of cardiomyocyte 

(Figure 23 A). 

 

The length of focal adhesion components measurement was shown in Figure 23 B-C. The 

directions of focal adhesion components were measured via the relative angle between the 

stained protein and wrinkle direction (Figure 23 B). The relative fluorescence intensity of 

focal adhesion components was processed using Fiji image J (Figure 23 C). A square box 

with an area of 0.91 μm2 (9*9, 81 pixels) was used to measure the fluorescent intensity. Then, 

we took the measurement value divided by the background value, and we got the relative 
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fluorescence intensity. The background value of each sample was defined as the measured 

fluorescence intensity value of the 9*9 square area which did not have cells or debris.  

 

The costamere analyses were carried out using Fiji image J. The fluorescent images were 

converted to 8-bits and then binarization processing after thresholding (Figure 23 E). The 

binary images were then used to cell-adhesion counting via particle analysis. The number of 

costameres was counted manually based on the colocalization of binary image and actin 

staining (Figure 23 F-G).  

 

 

Figure 23 Measurements of focal adhesion component. A, Bright field image, double arrow 

shows wrinkle direction; B, zyxin fluorescent image, θ stands for the angle between zyxin 

and wrinkle direction. Length between two white arrows is the length of zyxin; C, 

Fluorescent intensity of vinculin, insert is the amplification of measure box area. Length 

between two yellow arrows is the length of vinculin. D-G, flow of image processing in Fiji 

image J for costamere analysis. 

 

2.4.4. Statistical Analysis 

Data were analyzed using the software Prism 6 (version 6.01). One-way ANOVA with 

multiple comparisons was used to test the difference among groups. P-value less than 0.05 

was considered a significant difference. The orientation distribution analysis using the polar 

graph and the violin plots were carried out by OriginPro 2020.  
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3. Results 

3.1. Overall 

To illustrate the alterations of focal adhesions and costameres in hiPSC-CMs caused by the 

dynamic wrinkle surface, the baseline experiments were performed first. The polymers with 

the static flat, static wrinkled, and dynamic wrinkle surfaces were used as substrates. hiPSC-

CMs were allowed to spread for 2 days on all three groups of substrates at 30 ℃. Then all the 

samples were moved to 37 ℃ incubation for another 36 hours with media refreshment.   

 

Further, to investigate the focal adhesion dynamics responding to the substrate dynamic 

topographical change at the initial stage temporally, we practiced the timeline experiments. 

The hiPSC-CMs were seeded on stretched SMPs with PEM coating and Geltrex coating for 

wrinkle formation and cell attachment, respectively. Similar to the baseline experiment, the 

hiPSC-CMs were cultured on the dynamic substrate (flat) at 30 ℃. After 2 days of spreading, 

the culture temperature was increased to 37 ℃ for triggering polymer recovery and wrinkle 

formation, which is the first timepoint (hour 0). Within the next 6 hours, samples were 

collected every 1 hour, which produced a total of 7 timepoints.  

 

Samples of baseline and timeline were then fixed. Paxillin, vinculin, and zyxin were stained 

for tracking the changes from three layers of focal adhesion responding to substrate changes. 

The F-actin was co-stained with different focal adhesion components to localize the focal 

adhesions and costameres (Figure 24-26). Based on the immunostaining images, the focal 

adhesion dynamics were characterized by orientation distribution, length, intensity, and focal 

adhesion density, while costamere dynamics were characterized by costamere density and 

ratio of the costamere density to the total focal adhesion density. 
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Figure 24 Fluorescent images of zyxin. Fluorescent staining of hiPSC-CMs at different time 

points, including zyxin (green), F-actin (red) and DAPI (blue) from hour 0 to hour 6 after 

triggering wrinkle formation. The inserts show the co-localization of zyxin focal adhesions 

and F-actins. Scale bar, 10 μm. 
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Figure 25 Fluorescent images of vinculin. Fluorescent staining of hiPSC-CMs at different 

time points, including vinculin (green), F-actin (red) and DAPI (blue) from hour 0 to hour 6 

after triggering wrinkle formation. The inserts show the co-localization of vinculin focal 

adhesions and F-actins. Scale bar, 10 μm. 
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Figure 26 Fluorescent images of paxillin. Fluorescent staining of hiPSC-CMs at different 

time points, including paxillin (green), F-actin (red) and DAPI (blue) from hour 0 to hour 6 

after triggering wrinkle formation. The inserts show the co-localization of paxillin focal 

adhesions and F-actins. Scale bar, 10 μm. 
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3.2. Paxillin focal adhesions and costameres on dynamic wrinkle surface 

To investigate how the dynamic wrinkle surface altered the paxillin in focal adhesions and 

costameres, we first tested the angle between the paxillin focal adhesions and the wrinkle 

direction. The result of baseline experiments showed that the paxillin orientation distribution 

on the static flat surface was random, and the portion of paxillin within 0°~30° was 30.8%. 

However, on the static wrinkled surface and dynamic wrinkle surface, the portions of paxillin 

within 0°~30° were 49.5% and 59.4%, respectively, which indicated that the paxillin focal 

adhesions were oriented to grow along the wrinkle direction after 36 hours of culturing on the 

dynamic wrinkle surface and static wrinkled surface (Figure 27 A).  

 

Then we measured the length of paxillin in cell edge based on the immunofluorescent 

images. The results showed no significant difference among the three groups (Figure 27 B). 

Since there was no alteration on focal adhesion length, we further examined the fluorescence 

signal intensity of paxillin in focal adhesion areas to measure the in situ expression of paxillin 

in focal adhesions. To eliminate the background noise from the SMP-PEM coating and 

staining processes, we measured the intensity signal of the background where there existed no 

visible cell structure stained in every piece of the polymer as the “base line” and calculated 

the relative fluorescent intensity of focal adhesion sites based on the base line. The results 

showed that there was no significant difference between static and dynamic surfaces (Figure 

27 C). Similarly, the total paxillin focal adhesion density, paxillin costamere density, ratio of 

paxillin costamere density to total paxillin focal adhesion density, and ratio of paxillin 

costamere to sarcomere also showed no significant difference among all three groups after 36 

hours culturing (Figure 27 D-G).  
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Figure 27 Baseline results of paxillin. (A) Orientation distribution of paxillin focal adhesion 

on static and dynamic surfaces. (B) Length of paxillin focal adhesions. (C) Relative intensity 

of paxillin in focal adhesions. (D) Paxillin focal adhesion density. (E) Paxillin costamere 

density. (F) Ratio of paxillin costamere density to paxillin total focal adhesion density (G) 

Ratio of paxillin costamere number to sarcomere number. 

 

 

3.3. Paxillin dynamics in focal adhesions and costameres 

Next, with a focus on paxillin dynamics, we practiced the timeline experiments to study how 

paxillin responds to the dynamic wrinkle surface from hour 0 to hour 6. The orientation 

distribution results showed that at hour 0, when there was no wrinkle on the substrate’s 

surface, the orientation distribution of paxillin was isotropic. After hour 3, the paxillin 

orientation distribution shifted from isotropic to anisotropic. The portions of paxillin within 

0°~30° at hour 3 and hour 6 were 53.9% and 54.1%, which indicated the obvious 

reorientation of paxillin directions happened at the 3rd hour after triggering wrinkle formation 

(Figure 28 A).  
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To investigate how the dynamic wrinkle surface induced the reorientation of paxillin focal 

adhesions that grew along the wrinkle direction, we measured the length of paxillin in focal 

adhesions. We found the trend that focal adhesion length on dynamic wrinkle surface 

decreased first and then increased. The tremendous decrease occurred as soon as the substrate 

topographic change happened and kept decreasing until hour 3, while the recovery of paxillin 

focal adhesions to the original level occurred from hour 3 to hour 5 (Figure 28 B).  

 

Given the clue presented by the above results that the reassembly of paxillin in focal 

adhesions started at hour 3, we then would like to examine whether the reassembly completed 

at hour 5 when the length recovered to the original level. The relative fluorescence intensity 

was quantified to illustrate the expression of paxillin in focal adhesions. We found that the 

paxillin intensities decreased sharply after triggering wrinkle formation (p < 0.0001). The 

lowest point was at hour 3, which was consistent with the result of the length. The relative 

intensity at hour 6 was still significantly lower than hour 0 (Figure 28 C). 

 

The numeric change of total paxillin focal adhesion was represented by total paxillin focal 

adhesion density. We found that the focal adhesion density of paxillin showed no significant 

difference among groups (Figure 28 D). Costameres are the sites where Z-lines link to the 

cell membrane. We then examined how costameres responded to the dynamic wrinkled 

surface. Similarly, we examined the density of paxillin in costameres to reveal the dynamic 

formation of costameres from hour 0 to hour 6. The result of costamere density also showed 

no significant difference between groups. However, the data showed that the trend of paxillin 

costamere density was decreased from hour 0 to hour 3 and increased from hour 4 to hour 6 

(Figure 28 E). To clear the relationship of costamere dynamics and total focal adhesions, we 



41 

 

then divided the costamere density by total focal adhesion density. The results indicated that 

the value at hour 3 was significantly lower than hour 0 (p < 0.05), which might be credit to 

the slight increase of total focal adhesion density and decrease of costamere density at hour 3 

(Figure 28 F). Also, the ratio of the paxillin costamere number to the sarcomere number was 

tested to examine the contraction characteristics of hiPSC-CMs on the dynamic substrates. 

The results showed no significant difference among groups (Figure 28 G). 

 

 

Figure 28 Timeline results of paxillin. (A) Orientation distribution of paxillin focal adhesions 

on dynamic wrinkle surface after triggering wrinkle formation, the portion within 30° was 

labeled in each group. (B) Length of paxillin focal adhesions. (C) Relative intensity of 

paxillin in focal adhesions. (D) Paxillin total focal adhesion density. (E) Paxillin costamere 

density. (F) Ratio of paxillin costamere density to paxillin focal adhesion density. (G) Ratio 

of paxillin costamere number to sarcomere number *p < 0.05, **p < 0.01, ***p < 0.001 and 

****p < 0.0001. 

 

3.4. Vinculin focal adhesions and costameres on dynamic wrinkle surface 

The portions of vinculin within 0°~30° on the static flat surface, dynamic wrinkle surface, 
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and static wrinkled surface were 33.3%, 56.1%, and 46.7%, respectively. The results 

indicated that vinculin proteins in focal adhesions were oriented to grow along the direction 

of the wrinkle after 36 hours of incubation on the dynamic wrinkle surface and static 

wrinkled surface (Figure 29 A).  

 

The length result of vinculin focal adhesion showed no significant difference among three 

groups (Figure 29 B). In the fluorescence intensity analysis, we found that the relative 

intensity of vinculin focal proteins was highest on static wrinkled surface, while no 

significant difference was observed between the static flat surface and dynamic wrinkle 

surface (Figure 29 C). In the analyses of costameres, the total focal adhesion density, 

costamere density, ratio of costamere number to sarcomere number, and ratio of costamere 

density to total focal adhesion density of vinculin all showed no significant difference among 

groups after 36 hours of culturing (Figure 29 D-G). 

 

 

Figure 29 Baseline results of vinculin. (A) Orientation distribution of vinculin focal adhesion 

on static and dynamic surfaces. (B) Length of vinculin focal adhesions. (C) Relative intensity 

of vinculin in focal adhesions. (D) Vinculin focal adhesion density. (E) Vinculin costamere 
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density. (F) Ratio of vinculin costamere density to vinculin total focal adhesion density (G) 

Ratio of vinculin costamere number to sarcomere number. ****p < 0.0001. 

 

3.5. Vinculin dynamics in focal adhesions and costameres 

Next, we focused on the vinculin dynamics in focal adhesions and costameres responding to 

the dynamic wrinkle surface within the first 6 hours after triggering wrinkle formation. We 

first measured the orientation distributions of vinculin from hour 0 to hour 6. The results 

indicated that the vinculin focal adhesion distribution was isotropic at hour 0. The portions of 

vinculin within 0°~30° from hour 4 to hour 6 were 45.9%, 52.0% and 38.5%, respectively. 

The results indicated that the vinculin focal adhesions were also reoriented, but the 

reorientation was not as obvious as paxillin in the first 6 hours (Figure 30 A). 

 

The length results of vinculin showed a similar pattern as the paxillin did. The trend of 

vinculin focal adhesion length was decreased first and then increased. While the length at 

hour 1 was significantly shorter than hour 0 (p = 0.025), the tremendous decrease of focal 

adhesion length started from hour 2 (p < 0.0001). At hour 3, it reached the lowest point, then 

started to recover. At hour 6, the vinculin focal adhesions were still extremely shorter than 

hour 0 (Figure 30 B). The relative intensity of vinculin focal adhesions from hour 0 to hour 6 

on the dynamic wrinkle surface were analyzed as well. Interestingly, the pattern of vinculin 

focal adhesion was unlike the paxillin, and the intensity of vinculin at hour 2 was 

significantly higher than hour 0 (p = 0.0034). The highest point was at hour 4 (p < 0.0001), 

then the relative intensity of vinculin was decreased and came back to its original level at 

hour 6 (Figure 30 C).  

 

The numeric measurement of total focal adhesions containing vinculin protein was performed 
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as well based on the vinculin staining images. The results indicated that at hour 4~6, the 

vinculin total focal adhesion densities were significantly larger than hour 0 (Figure 30 D). To 

find out how the increase happened, we then quantified the costamere density by colocalizing 

with sarcomeric actin staining. Though the results showed no significant difference among 

groups, it had the trend of decreasing at hour 0~3, then increasing at hour 4~6 (Figure 30 E). 

The pattern of ratio of costamere density to total focal adhesion density decreased from hour 

0~3 and then increased from hour 4~6. From hour 1 to hour 6, the values were significantly 

smaller than hour 0, which was contributed by the increase of total focal adhesion density and 

the trend of costamere densities (Figure 30 F). Also, the ratio of vinculin costamere number 

to sarcomere number was examined and the results showed no significant difference among 

groups (Figure 30 G).  

 

 

Figure 30 Timeline results of vinculin. (A) Orientation distribution of vinculin focal 

adhesions on dynamic wrinkle surface after triggering wrinkle formation, the portion within 

30° was labeled in each group. (B) Length of vinculin focal adhesions. (C) Relative intensity 

of vinculin in focal adhesions. (D) Vinculin total focal adhesion density. (E) Vinculin 

costamere density. (F) Ratio of vinculin costamere density to vinculin total focal adhesion 
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density. (G) Ratio of vinculin costamere number to sarcomere number *p < 0.05, **p < 0.01, 

***p < 0.001 and ****p < 0.0001. 

 

3.6. Zyxin focal adhesions and costameres on dynamic wrinkle surface 

Finally, we tested the behavior of zyxin protein (from the actin regulatory layer) in focal 

adhesions and costameres on dynamic wrinkle surface. The orientation distributions of zyxin 

focal adhesions on static and dynamic surfaces were tested firstly. The results showed that the 

portions of zyxin focal adhesions within 0°~30° were 42.5%, 52.8%, and 52.6% on the static 

flat surface, dynamic wrinkle surface, and static wrinkled surface after 36 hours culturing, 

respectively (Figure 31 A). The results of orientation distribution suggested that the zyxin 

focal adhesion also shows the preference of growing along with the wrinkle directions on 

dynamic wrinkle surface and static wrinkled surface after 36 hours of culturing. 

 

The length measurement showed that the zyxin focal adhesions on static wrinkled surfaces 

were longer than the dynamic wrinkle surface, while no significant difference was observed 

between the static flat surface and dynamic wrinkle surface (Figure 31 B). The relative 

fluorescence intensities of zyxin focal adhesions on dynamic wrinkle surface and static 

wrinkled surface were significantly higher than the static flat surface (p < 0.0001) (Figure 31 

C). The total focal adhesion density of zyxin proteins showed that the zyxin total focal 

adhesion density on the static wrinkled surface was significantly lower than it on the static 

flat surface, while there was no significant difference between dynamic and static surfaces 

(Figure 31 D). For the analyses of zyxin costamere density, the ratio of costamere density to 

total focal adhesion density, and ratio of costamere number to sarcomere number were 

examined, the results showed no significant difference among three groups (Figure 31 E~G). 
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Figure 31 Baseline results of zyxin. (A) Orientation distribution of zyxin focal adhesion on 

static and dynamic surfaces. (B) Length of zyxin focal adhesions. (C) Relative intensity of 

zyxin in focal adhesions. (D) Zyxin focal adhesion density. (E) Zyxin costamere density. (F) 

Ratio of zyxin costamere density to zyxin total focal adhesion density (G) Ratio of zyxin 

costamere number to sarcomere number. *p < 0.05, ****p < 0.0001. 

 

3.7. Zyxin dynamics in focal adhesions and costameres 

Similarly, we performed timeline experiments to examine the dynamics of focal adhesion 

actin regulatory layer responding to the dynamic change of the substrate. The results of the 

orientation distribution showed that the portion of zyxin within 0°~30° was 25.2% at hour 0. 

From hour 0 to hour 6, the portion of 0°~30° were all below to 40%, which indicated that the 

zyxin did not reorient along the wrinkle direction in the first 6 hours responding to the 

dynamic change of the substrate (Figure 32 A). 

 

No significant length change was found on zyxin proteins comparing hour 1~6 to hour 0; 
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however, the length results showed the trend that it decreased from hour 0 to hour 3, and then 

it increased. At hour 3, the length of zyxin protein was shortest, which was significantly 

shorter than hour 5 and hour 6 (p = 0.0022, p = 0.0023, respectively). While the length at 

hour 4 was slightly longer than it was at hour 3, it was still significantly shorter than it was at 

hour 5 and hour 6 (p = 0.043, p = 0.038, respectively) (Figure 32 B). The results of zyxin 

focal adhesion relative fluorescent intensity were similar to the length results. Though the 

values were fluctuant, we can still observe the slight trend that it decreased first and then 

increased. The relative intensity at hour 2 was significantly lower than it was at hour 0, while 

at hour 6 the relative intensity was significantly higher than hour 0 (Figure 32 C). 

 

The total focal adhesion density of zyxin showed that the hiPSC-CMs did not initiate more 

zyxin focal adhesions comparing hour 1~6 to hour 0. However, the densities at hour 4~6 were 

significantly lower than hour 1 and the hour 3~6 were significantly higher than hour 2 

(Figure 32 D). To detail the pattern found in total focal adhesion density, the costamere 

densities of zyxin within the first 6 hours after triggering wrinkle formation were also 

measured. No significant difference was observed between different groups (Figure 32 E). 

The ratio of costamere density to total focal adhesion density of zyxin results showed no 

significant difference comparing hour 1~6 to hour 0. However, we found the trend that it 

decreased firstly and then increased. The values at hour 1 and hour 2 were significantly 

smaller than hour 5 and hour 6, respectively (Figure 32 F). The costamere number and 

sarcomere number were also examined and the ratio of the costamere number to the 

sarcomere number was calculated to analyze the interaction between contraction units and 

zyxin costameres. The results showed that the values from hour 0 to hour 6 were fluctuant, 

but no significant difference was observed between groups (Figure 32 G). 
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Figure 32 Timeline results of zyxin. (A) Orientation distribution of zyxin focal adhesions on 

dynamic wrinkle surface after triggering wrinkle formation, the portion within 30° was 

labeled in each group. (B) Length of zyxin focal adhesions. (C) Relative intensity of zyxin in 

focal adhesions. (D) Zyxin total focal adhesion density. (E) Zyxin costamere density. (F) 

Ratio of zyxin costamere density to zyxin total focal adhesion density. (G) Ratio of zyxin 

costamere number to sarcomere number *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 

0.0001. 

 

4. Discussion 

In this study, the length results of paxillin, vinculin, and zyxin all showed the trend of 

decreasing first and then increasing, which suggested that the disassembly and reassembly of 

focal adhesions occurred responding to the dynamic substrates during the first 6 hours. The 

paxillin existing in the integrin signaling layer responded to the change of substrate first, 

followed by the vinculin. The alteration of zyxin was not as obvious as paxillin and vinculin. 

The result of paxillin’s relative intensity showed that the reassembly of paxillin was not 

incomplete at hour 6. It has been reported that the spatial distribution of vinculin could be 
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effectively altered by the absence of paxillin63. In this study, we found the vinculin involved 

in focal adhesions showed higher intensity from hour 2 to hour 5 compared to hour 0, which 

may lead by the decrease of paxillin length. When the paxillin binding sites were insufficient, 

the vinculin aggregated more in the force transition layer and actin regulatory layer than the 

ones under normal conditions. The insufficient paxillin binding sites contributed to the 

decrease in vinculin length as well as the increase in intensity. According to a previous 

report, the zyxin accumulation in focal adhesions is related to the mechanical load on focal 

adhesions64. In this study, we also observed that the intensity of zyxin decreased from hour 

0~3, which may account for the deduction of mechanical load caused by the instability of 

focal adhesion structures. 

 

The total focal adhesion densities of paxillin were not altered significantly, which suggested 

the paxillin did not passively initiate more sites for paxillin focal adhesions and costameres 

growing responding to wrinkle formation of substrates. The total focal adhesion densities of 

vinculin at hour 4~6 were significantly higher than hour 0, but according to the baseline 

results, there was no significant difference among three groups after 36 hours. The results of 

total focal adhesion density in timeline and baseline suggested that the vinculin focal 

adhesion dynamics were still ongoing at hour 6; the hiPSC-CMs might experience the 

process that reduces the focal adhesion sites or extend the cell spreading for vinculin total 

focal adhesion density decreasing back to the original level after hour 6, which was also 

consistent with the result of vinculin length that reorganization of vinculin focal adhesion was 

not finished at hour 6. The costamere density of zyxin, vinculin, and paxillin all showed the 

slight trend that decreases from hour 0 to hour 3 and increases from hour 4 to hour 6, which 

suggested the costamere formations were affected by the dynamic substrate as well. It has 

been reported that the FAK is essential for cell responses toward substrate topography65. 
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Moreover, the activities of FAK are closely relative to the turnover of focal adhesion 

complexes66,67. The observations of focal adhesion disassembly and reassembly induced by 

dynamic substrates in our studies may also relate to the activities of FAK. 

 

We also measured the ratio of the costamere number to the sarcomere number to find out the 

relationship between the cell contraction units and the protein complexes mediating the force 

conduction. No significant difference was observed during the first 6 hours after triggering 

wrinkle formation in all three groups, which might suggest that, during this process, the 

effects of substrate change had not been translated into the change of cell beating. 

Interestingly, we found that there were more costameres than sarcomeres in the cells. This 

phenomenon was ubiquitous at different time points, which may account for the existence of 

M-line costameres. The M-line costameres are first reported in 199268, but the research on M-

line costameres is limited.  In this study, we found that the M-line costameres existed in all 

three proteins and the M-line costameres were dimmer than Z-line costameres (Figure 33). 

This finding may guide the direction of future research about the differences and 

relationships between Z-line costameres and M-line costameres. 
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Figure 33 M-line costameres. Fluorescent images showing the co-staining of costamere 

components (zyxin, vinculin and paxillin) and F-actin. The white arrows in merged images 

show the M-line costamere. 

 

5. Future Work 

To understand how focal adhesion architectures are assembled in response to the dynamic 

wrinkle surface, in future studies, the gene expression of focal adhesion proteins should be 

examined temporally. In this study, we found that the focal adhesion experienced 

disassembly in the first 6 hours. It has been reported that the phosphorylation of FAK on Tyr 

397 will accelerate the disassembly of FA complex69. Also, it has been observed that the 
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inhibition of FAK can prevent the activation of YAP70; on the other hand, the YAP mutant 

cell line showed a marked reduction in FAK autophosphorylation on Tyr 39714. Thus, it is 

rational to make the hypothesis that the focal adhesion disassembly in the first 6 hours on 

dynamic wrinkle surface was mediated by the activation of Try 397 FAK, and the p-FAK 

(397) was prompted by the activation of YAP that was triggered by the ECM mechanical 

cues. In future research, we can stain the YAP and p-FAK (397) to examine the in situ 

deposition of YAP and p-FAK. Also, the western blot could be performed to quantify the 

amount of p-FAK (397) and YAP of CMs at each timepoint. 

 

The focal adhesions are associated with the functionalization of CMs, so the functional tests 

of CMs responding to dynamic wrinkle surfaces should be practiced as well. The indexes 

related to costameres should be detailed to examine the costamere dynamics and the 

relationship between costamere dynamics and CM contractions. Drug treatment using an 

FAK inhibitor should be performed. The FAK inhibitor 14 (Y15) can inhibit the 

autophosphorylation of FAK at Try 397. The experiment may start with tracking how 

proteins in focal adhesion architecture respond to the Y15 treatment on a flat surface. To 

perform timeline experiments on dynamic wrinkle surfaces, we would seed the CMs on 

strained SMP-PEM substrates and allow CMs to spread for 2 days at 30 ℃. At this point, 

upon triggering wrinkle formation, the Y15 should be added into the medium simultaneously, 

which is the first time point (hour 0). In the subsequent 6 hours, samples were collected every 

hour to analyze how focal adhesions behave in response to the chemical inhibitor and 

dynamic substrate. Besides the behavior of focal adhesions, we may also examine the YAP 

expression under the treatment of Y15 to investigate how the YAP pathway reacts to the joint 

efforts of substrate topographic change and chemical inhibition. 
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In this study, the intensity of vinculin has been recorded to be unidentical to the pattern of 

paxillin proteins responding to dynamic wrinkle surface; in future research, how the 

accumulations of proteins from the force transduction layer and actin regulatory layers 

change along the Z-axis should be studied. To be specific, the paxillin and vinculin will be 

co-stained, and 3D confocal images of CMs will be performed. The fluorescence signal 

intensity of paxillin in the Z-axis should be examined first. We may need to dye the substrate 

surface so that we can measure the relative distance between the paxillin and ECM, and the 

distance between vinculin and ECM. We found that the focal adhesions disassembly and 

reassembly were in the first 6 hours responding to the dynamic wrinkle surface in this study. 

Therefore, we will do the Z scanning to the samples at each hour within these first 6 hours to 

test the accumulation distributions and distance of paxillin and vinculin in focal adhesions 

along the Z-axis relative to the ECM. We may need to knockout paxillin to investigate how 

the deficiency of paxillin changes the behavior of vinculin on both flat and dynamic wrinkle 

surfaces. 

 

We found the M-line costameres in vinculin, paxillin, and zyxin staining in CMs. The M-line 

costamere is dimmer than Z-line costameres, and the total number of M-line costamere is less 

than the Z-line costameres based on the immunofluorescent images. The studies on the 

difference between Z-line and M-line costameres are still poorly understood. Also, the 

specific functions of Z-line and M-line costameres are unknown. One study on costamere 

structure with integrin β1D staining71 enlightens us that there might be some difference in 

integrins between Z-line costameres and M-line costameres. In the future study, we may need 

to do more staining about integrins and ECM.  

 

The actin or α-actinin could be stained to localize the position of Z-lines, while the myomesin 
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could be stained for localizing the position of M-lines. The images could be analyzed using 

the ‘intensity profile’ function in ImageJ. By using the intensity profile, we can get the data 

about the average distance between costameres, sarcomere length, fluorescent intensity of M-

line costameres and Z-line costameres. We found that the M-line costameres are dimmer than 

the Z-line costameres. Moreover, the M-line costameres are more obvious in zyxin staining 

than in vinculin and paxillin staining (Figure 33). This phenomenon brings up the questions 

whether a protein (i.e. vinculin, paxillin) in the M-line costameres and the same protein in the 

Z-line costameres have the same relative distance between ECM. On the other hand, do the 

M-line costameres, like focal adhesions and Z-line costameres, directly link with the ECM?  

 

We may address these questions by using the Z-direction scanning of the costameres. The 

protein existing in both M-line costameres and Z-line costameres (i.e. paxillin, vinculin, 

zyxin, talin) can be co-stained with actin/α-actinin or myomesin. 3D confocal images of CMs 

with fluorescent ECM should be collected to examine the relative distance between ECM and 

different components in the M-line and the Z-line costameres. It has been reported that during 

the maturation of cardiomyocytes, the α5 integrins would be replaced by α7 integrins72, since 

the α7 integrins are laminin receptors while α5 integrins are fibronectin receptors. We can 

coat the substrate with different fluorescent-probe-labeled ECM proteins, either laminin or 

fibronectin, together with the staining of integrin α5 or integrin α7, a super resolution 

microscope can be used to determine whether the integrins directly connect with ECM.  
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