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INSIGHT, INNOVATION, INTEGRATION  

Abnormal hemodynamics experienced by the heart valve cells are associated with valvulopathy. 

This altered mechanical environment also leads to modulation in valve cellular shape and 

architecture. We hypothesized that alteration of cell shape may cause changes in cellular function 

that eventually prevents the proper function of the heart valve. To rigorously study this, we 

engineered valve interstitial cells with varying width-to-length ratios and quantified their 

contractility as well as metabolic activity. We observed an increase in contractile strength and 

decrease in metabolic redox ratio as cells became more elongated and their actin architecture 

became more aligned. These results suggested that valve interstitial cells modulated their 

contractile and metabolic function depending on their shape and arrangement of cytoskeletal 

elements. 
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Valve interstitial cells with elongated shapes, representative of increased mechanical loading, 

demonstrated altered metabolism through a decreased optical redox ratio, and generated greater 

contractile force compared to cells with wider, shorter shapes. 
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ABSTRACT  

The role of valvular interstitial cell (VIC) architecture in regulating cardiac valve function and 

pathology is not well understood. VICs are known to be more elongated in a hypertensive 

environment compared to those in a normotensive environment. We have previously reported that 

valve tissues cultured under hypertensive conditions are prone to acute pathological alterations in 

cell phenotype and contractility. We therefore aimed to rigorously study the relationship between 

VIC shape, contractile output and other functional indicators of VIC pathology. We developed an 

in vitro model to engineer VICs to take on the same shapes as those seen in normal and 

hypertensive conditions. VICs with longer cellular and nuclear shapes, as seen in hypertensive 

conditions, had greater contractile response to endothelin-1 that correlated with increased 

anisotropy of the actin architecture. These elongated VICs also demonstrated altered cell 

metabolism through a decreased optical redox ratio, which coincided with increased cellular 

proliferation. In the presence of actin polymerization inhibitor, however, these functional 

responses were significantly reduced, suggesting the important role of cytoskeletal actin 

organization in regulating cellular responses to abnormal shape. Overall, these results demonstrate 

the relationship between cell shape, cytoskeletal and nuclear organization, with functional output 

including contractility, metabolism, and proliferation.  
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INTRODUCTION 

Valvular heart disease accounts for approximately 3% of all cardiovascular pathologies 

and is associated with abnormal valve structure and function.1 In vivo, the valves maintain their 

integrity and functionality by a complex interaction between the valve cusps, cells, their relative 

structures and the surrounding hemodynamic and mechanical environment.2 Significant prior work 

has focused on the role of the mechanical environment in potentiating cellular alterations and 

subsequent progression toward disease.3 However, the role of cellular shape and architecture in 

regulating the overall balance between health and disease in the context of the valve is not well 

understood.  

The cells and nuclei of the valve interstitial cells (VICs) within aortic valve cusps respond 

very rapidly to mechanical stimuli by dynamic elongation and deformation. For instance, VIC 

nuclear width-to-length aspect ratio (AR) almost instantaneously increased from 1:2 to 1:5 when 

transvalvular pressure was increased from 0 to 90 mmHg.4 This elongation was correlated with 

significant alterations in collagen fiber architecture.4 Similarly, cell and nuclear ARs significantly 

increased from 1:5 to 1:7 and 1:6 to 1:9, respectively, when aortic leaflet tissues were subjected to 

increasing strains from 10 to 20 %.5 These aforementioned strains represented a transition from 

normotension to hypertension.6 Furthermore, transition from the systolic tension-free state to fully-

closed diastolic tension resulted in a 1.5-fold increase in nuclear elongation of the VICs within the 

mitral valve.7 These observations thus suggest the possibility for a role for altered VIC shape and 

architecture in directly modulating cellular biology and function.  

Although studies on the role of cell shape in modulating VIC behavior are few in number, 

there are, several reports in the literature on the effects of constraining cell shape in influencing 

function and biology in other cell types. The AR of ventricular myocytes decreased from 1:7 to 

1:5 during concentric hypertrophy, while it increased up to 1:11 in eccentric hypertrophy.8 These 

alterations impaired cytoskeletal contractility and were therefore associated with heart failure.8  

Human mesenchymal stem cells differentiated into chondrocytes when they were cultured on 

micropatterned substrates and exposed to TGF-β, while they became smooth muscle cells if they 

were unpatterned and exposed to TGF-β.9 Additionally, the orientation of smooth muscle cell F-

actin as well as nuclear elongation and chromatin density was found to be significantly altered as 

cell AR increased.10 Elongated smooth muscle cells also showed higher contractile strength in 
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relation to its basal tone after stimulation with ET-1.11 These studies clearly demonstrated that 

changes in cell shape can potentiate functional changes. 

We hypothesized that by engineering the shape of single VICs to acquire the AR of cells 

seen in normal and pathological conditions, we could induce changes in cell architecture, 

subsequently potentiating acute alterations in cell function, specifically cell contractility, 

metabolism, proliferation and activation. Our hypothesis was rigorously tested using an engineered 

single VIC model with cells forced to adopt shape of 1:3, 1:5 and 1:7 aspect ratios with the surface 

area of the patterns maintained constant. We demonstrate that these aspect ratios correspond to the 

steady-state shapes adopted by VICs when cyclically strained to 0%, 10% and 20%, respectively. 

Cytochalasin D, an inhibitor of actin polymerization, was used to study the causal relationship 

between changes in cell shape and changes in intracellular structure/function. Cytoskeletal and 

nuclear architecture were quantified and correlated with contraction measured via traction force 

microscopy, metabolic cofactor autofluorescence imaging, immunostaining and western blotting 

for detection of cellular proliferation and activation. We report here that cell shape significantly 

influenced cytoskeletal and nuclear architecture. Elongated cells generated greater active traction 

stresses, suggesting a greater capacity for mobility. These elongated cells also had a lower redox 

ratio, higher expression of activation marker α-SMA and proliferation markers Ki-67. These 

responses were significantly decreased with the addition of cytochalasin D. These results 

suggested that altered actin cytoskeletal architecture as a result of altered cell shape caused 

significant changes in cell function. These cells appeared more primed for increased contractility, 

proliferation and pathological activation. 
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RESULTS  

Engineering valve interstitial cell shape 

Previous studies revealed that cells adopt different spreading areas depending on the stiffness of 

the underlying substrate.12 We therefore first quantified the average spreading area of isolated 

VICs on polydimethylsiloxane (PDMS) coated coverslips (Fig. 1A, ESI†), and show that the cell 

spreading area had a mean of 1700μm2. Reports in the literature have indicated that VICs can adopt 

a wide variety of morphological shapes,13 but are typically confined to aspect ratios (AR) of 1:3 to 

1:7 depending on the magnitude of cyclic hemodynamic pressure.5 We validated this same range 

of ARs in an in vitro VIC monolayer cyclic strain model (Fig. 1C, ESI†) and selected width-to-

length ARs of 1:3 (23.8 x 71.4 μm), 1:5 (18.4 x 92.2 μm) and 1:7 (15.58 x 109.09 µm), representing 

the mechanical strain experienced during static, healthy and hypertensive hemodynamic 

conditions, respectively.5 Fibronectin was microcontact printed on PDMS-coated coverslips at 

these same aspect ratios and VICs were seeded at 1000 cells per cm2 coverslip area. Cells self-

assembled and assumed the rectangular shape of these three aspect ratios (Fig. 1 A-C). Further 

details regarding this single cell model are included in the ESI†. 

Actin and nuclear architecture and orientation varied as a function of cellular shape 

Previous studies have reported that cellular structure was altered due to changes in the external 

mechanical boundary conditions.14 We therefore evaluated whether altered VIC shape resulted in 

changes in cytoskeletal and nuclear architecture. Phalloidin staining of F-actin, showed that the 

filaments became more prominent and aligned along the longitudinal direction of the cell as AR 

increased (Fig. 2A). Quantification of actin alignment using a previously developed technique14a 

revealed alignment to be statistically higher (p<0.05) at an AR of 1:7 compared to 1:5 and 1:3 (Fig. 

2C). In the presence of cytochalasin D, cells did not exhibit prominent actin stress fibers (Fig. 2A). 

Cells treated with cytochalasin D at 1:7 had significantly (p<0.05) more aligned actin filaments 

compared to 1:3 and 1:5 cells. Overall, the actin orientation parameter was significantly reduced 

(p<0.05) when the cells were treated with cytochalasin D.  

The actin cytoskeleton is thought to be stress-sensitive, allowing the cytoskeleton to detect 

extrinsic mechanical stimuli and dynamically remodel itself to accommodate the mechanical 

load.8, 15 It has been suggested that extracellular forces are transmitted to the cell nucleus via the 

cytoskeleton causing substantial deformation in the nucleus which could contribute to changes in 

chromatin structure and later on transcriptional regulation.15-16 Nuclear staining using DAPI (Fig. 
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2B) indeed did indicate significantly increased nuclear elongation (p<0.05) with increasing cellular 

AR (Fig.  2D). VIC nuclear ARs ranged from 1.7 to 2.2 for cell AR from 1:3 to 1:7, suggesting 

that the nucleus did not elongate to the same extent as the cell, probably due its higher mechanical 

rigidity.17 Analysis of nuclear 3D volume (Fig. 2E) showed that as cell AR increased, 3D volume 

was not significantly altered, suggesting that actin cytoskeletal modulation of nuclear AR occurred 

without any alteration of the nuclear volume. Average intensity of chromatin was also analyzed 

from DAPI stained images and revealed significant higher chromatin intensity in the presence of 

cytochalasin D (p < 0.05) (Fig. 2F).  

Elongated VICs generated greater contractile traction  

Cells generate tractions on their underlying substrate, that are thought to control cell shape and 

maintain cellular homeostasis, regulating diverse processes such as motility, differentiation and 

proliferation.18 As elongated VICs were typically found in higher and elevated mechanical stress 

environments,5 we hypothesized that VIC elongation would induce a greater capacity for 

contractile stress generation, that would be dependent on actin organization. This hypothesis was 

tested via traction force microscopy (TFM), wherein VICs with varying ARs, without and with 

cytochalasin D, were seeded on polyacrylamide substrates doped with fluorescent beads. Samples 

were first imaged prior to stimulation and sequentially stimulated with 50nM of the vasoconstrictor 

endothelin-1 (ET-1) and a saturating dose of 100μM of the vasodilator HA-1077 for 5 minutes 

each. Samples were imaged after each treatment, and traction stresses were calculated from the 

bead displacement images using the unstimulated image as the reference state.14b As expected, the 

highest VIC contractile (Fig. 3B) and relaxation (Fig. 3C) tractions were primarily localized to the 

longitudinal ends of the cells (Fig. 3A). VIC contractile strength, as computed by the traction stress 

applied by the cell on its substrate due to ET-1, significantly increased with increasing cellular 

elongation (Fig. 3B). Basal tone, as quantified from the response to HA-1077, was low at 1:3 AR 

and significantly higher at 1:5 AR (Fig. 3C). However there was no significant difference in basal 

tone between 1:5 and 1:7 ARs. When the actin filaments were disrupted with cytochalasin D, 

significantly reduced contractility and basal tone were observed (p<0.05) (Fig. 3B-C). Taken as a 

whole, these results suggested that higher alignment and prominence of F-actin stress fibers 

potentiated by cellular elongation increased the ability of the VICs to generate an active contraction 

and maintain its basal cellular tone. 

Elongated VICs exhibited reduced metabolic redox ratio  
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Reduced nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD) are 

coenzymes and electron carriers associated with metabolism in all eukaryotic cells. Many studies 

have demonstrated the potential of using the endogenous fluorescence of NADH and FAD as an 

indicator of cell metabolism.19  We evaluated whether  an optical redox ratio of 

FAD/(NADH+FAD) fluorescence was altered as a function of cellular AR elongation and whether 

the presence of an intact actin cytoskeleton affected these responses. To address this question, we 

collected NADH and FAD fluorescence images and computed optical redox ratios from cells in 

each of the three (1:3, 1:5 and 1:7) ARs without and with cytochalasin D (Fig. 4A-C).  

Our results show that as VIC AR increased, there was a significant decrease (p<0.05) in 

redox ratio (Fig. 4B). In the presence of cytochalasin D, redox ratio was significantly higher than 

VICs without cytochalasin D, and there was no significant difference as a function of cellular AR 

(p<0.05). A decrease in the optical redox ratio was observed in mesenchymal stem cells 

undergoing osteogenic differentiation20.  Additionally, decreased redox ratios have been observed 

upon an increase in the proliferation of keratinocytes.21  In the context of the current study, our 

results thus suggest the possibilities that (I) Elongated VICs with prominent actin fibers were more 

likely to be at the onset of the pathologic de-differentiation process, or that (II) elongated VICs are 

more proliferative, or both. 

Elongated cells exhibited higher proliferation capability and were prone to pathological 

activation 

We considered the hypothesis that VICs with longer ARs and lower redox ratios had a higher cell 

proliferation and activation potential. First, VICs at the three ARs (1:3, 1:5, 1:7) were analyzed 

using a known indicator of cellular proliferation. Ki-67 expression, as determined via 

immunostaining (Fig. 5A) and semi-quantitation (Fig. 5B), significantly increased as cell AR 

increased. Additionally, ERK-1/2 phosphorylation was also increased as cell AR increased (Fig. 

3, ESI†).  Addition of cytochalasin D significantly reduced the expression of Ki67 in all cases 

although higher expression was still found at increased ARs. Ki-67 is a nuclear protein that is 

associated with cell proliferation and these results suggested that VICs possess higher proliferation 

capability with increasing elongation only if the actin cytoskeleton was intact.  

Next, we performed western blotting to detect the expression of VIC phenotype markers α-smooth 

muscle actin (α-SMA), smooth muscle myosin heavy chain (SM-MHC) and vimentin. α-SMA is 

a cytoskeletal isoform of actin which is usually found in activated VICs, SM-MHC is a smooth 
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muscle-specific marker, and vimentin is typically an indicator of quiescent, non-activated VICs.22 

Additionally, α-SMA-positive activated cells typically display features of myofibroblasts such as 

increased contraction and prominent stress fibers.14a As expected, cells at the longest ARs had 

significantly increased α-SMA expression while adding cytochalasin D reduced its expression 

(Fig. 5C-D). This particular reduction was statistically significant only at the 1:7 aspect ratio (Fig. 

5D). There was no significant difference in expression of SM-MHC and vimentin (Fig. 5C). 

Overall, these results suggested that VIC elongation potentiated stronger proliferative responses 

than differentiation ones. VICs did demonstrate moderately increased activated myofibroblast 

phenotype at the highest level of cell elongation, and these responses were more pronounced in 

the presence of actin cytoskeletal stress fibers. 
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DISCUSSION 

We show in this work that altered actin cytoskeletal organization due to elongated VIC 

shape was an important factor in regulating VIC acute contractile function, metabolism, 

proliferation and phenotypic activation. While several other methods exist wherein cellular shape 

and structure could be modulated while maintaining cell-cell contact,11b, c, 23 our single cell model 

represents the smallest functional unit of the VIC and thus an important first step in understanding 

the role of VIC shape on its biology and function. Shorter and wider VICs generated less 

contractile stress and were at a less biosynthetic and proliferative state, while elongated narrower 

VICs had greater contractile stress generation, more biosynthesis, increased proliferation and α-

SMA activation, correlating with greater organization of the actin cytoskeleton. Our results suggest 

that VICs in a higher pressure environment in vivo, which are more elongated with typical ARs of 

1:7,4-5 have a greater potential for increased cellular activity, proliferation and myofibroblast 

differentiation.  

Since the actin cytoskeletal, was responsible for maintaining the cell shape and mechanical 

resistance to deformation, any change in cell shape was expected to change the actin organization 

and subsequent modulation of nuclear shape.24  Our results supported the notion that as the VIC 

elongated, cytoskeletal actin and cell nuclear significantly altered their organization and shape, 

respectively. Specifically, actin filaments became more prominent with increased anisotropy, 

while cell nuclei elongated and increased 2D area and AR, while conserving nuclear volume. 

Others have demonstrated that forces transduced to altered cell architecture could result in 

significant nuclear deformations.25 The primary mediator for these structural alterations is thought 

to be the actin filament.26  Previous work had demonstrated that vascular smooth muscle cells 

(vSMC) became more elongated and expressed higher α-SMA as well as more aligned stress fibers 

on engineered nanogrooves compared to unpatterned substrates.23 This altered F-actin 

cytoskeleton remodeling was known to significantly affect vSMC proliferation and migration 

ability.27  The increase in alignment and organization of actin that we observed in elongated VICs 

was thus thought to allow for generation of extra tension that might be needed for a functional 

response or migration.18b The causal relationship between cell shape, actin and nuclear shape was 

demonstrated when the addition of cytochalasin D to the single cell culture significantly mitigated 

changes in actin and nuclear structure.  Our TFM results further supported our above-mentioned 

conclusion as elongated 1:7 AR cells which had more prominent actin filaments, generated greater 
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contractile response to ET-1. It should be noted that the increased contractile strength did not result 

in a significant change in the basal tone of the 1:7 AR cells compared to the 1:5 cells, suggesting 

that the basal tension in these elongated cells was not increased as a result of shape elongation, but 

its active contractility was. When the actin filament network was disrupted, cells were no longer 

able to potently respond to ET-1 as well as HA1077. 

The decrease in the optical redox ratio has been used previously to monitor precancerous 

transformations,28 cell proliferation during wound healing,21 and as an early indicator of cellular 

differentiation in mesenchymal stem cells.20 Our results show that the redox ratio can serve as an 

indicator of VIC proliferation and to a lesser extent, phenotypic activation. Redox ratio was 

significantly lowered in the 1:7 AR cells, which were also contractile and proliferative. Hence, an 

overall decrease in redox ratio could also be an indicator of increased macro molecule synthesis 

for proliferation.20 The clear correlation between reduced redox ratio and increased contractility 

and proliferative potential in elongated VICs suggests that the redox ratio might be an early 

indicator of dysfunction in the VIC, and merits future study. 

We also observed altered Ki-67 and α-SMA protein expression as a result of the altered 

actin architecture potentiated by VIC shape change. A number of studies have reported that large 

scale changes in cell shape increased force transduction and affected nuclear chromatin 

condensation and subsequent gene expression.15, 29 We observed similar responses in our current 

work. Chromatin density was statistically similar for all ARs. In the presence of actin inhibitor, 

chromatin density was significantly increased. A recent report on cancer cells did report highest 

levels of chromatin density in cells undergoing normal growth, while activated cancer cells showed 

lower levels of chromatin density.30 This same study reported that senescent cells, where there was 

no proliferation, had the lowest levels of chromatin density.30 Our results thus possibly suggest 

that elongated cells with more aligned actin filaments were likely to experience pathological 

activation (i.e the cell differentiation process in which quiescent VIC exhibited features of 

myofibroblast). This notion was further supported by our western blot which showed the increased 

expression of α-SMA marker as ARs increased. When the cytoskeleton was disrupted, its 

expression was reduced. Overall, our results underlined the potential role of the cytoskeleton, and 

the actin network in particular, in acting as an ‘antenna’ for the VIC mechanobiological response 

- receiving external signals, processing and transducing downstream signals to the cell nucleus to 

exert appropriate responses. 
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The following limitations are to be noted. We have subjected a single VIC to different 

width-to-length ARs to study the correlation between cell elongation and its function. Our model 

does not recapitulate cell-cell contact, or the three-dimensional environment that exists within the 

valve interstitial milieu. However, as mentioned previously, being able to comprehend VIC 

behavior at its fundamental, functional, single-cell unit is an important first step toward 

understanding valve physiology as well as pathology. Our model also does not directly apply 

mechanical forces onto the VICs. However, we demonstrate (Fig. 1, ESI†) that the ARs employed 

in our study (1:3, 1:5, 1:7) are a reasonable approximation of the steady-state shape achieved by 

VICs that are cyclically stretched to 0%, 10% and 20%, respectively.  

In summary, we demonstrate the strong correlation between VIC shape and its contractile 

and metabolic function. VIC shape change could be thus seen as an indication of potential changes 

in the cell activity and vice versa.  We also propose the possibility of using redox ratio as one of 

the tools for early detection of the pathological state of VICs. 
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MATERIALS AND METHODS 

Valve interstitial cell isolation. Fresh porcine hearts (3-6 months old) were obtained from 

Cockrum's Custom Meat Processing (Rudy, AR) and transported to our laboratory in cold 

Dulbecco’s Phosphate Buffered Saline (dPBS; ThermoFisher, Waltham MA) supplemented with 

1% antibiotic/antimycotic solution. Hearts were immediately dissected aseptically to reveal the 

aortic valve leaflets. Left, right and non-coronary leaflets were pooled and washed 2 times in 

Hank’s Balanced Salt Solution (HBSS; ThermoFisher). Cells were isolated using collagenase 

digestion as described in previous protocols.31 Briefly, valve endothelial cells (VECs) were 

removed by incubating the leaflets in collagenase solution (60U/ml) for 30 min and discarding the 

digestate. Valve interstitial cells (VICs) were then isolated by incubation the leaflets in collagenase 

solution (60U/ml) at 37°C for 2 hours with frequent agitation. The digestate was spun down in 

centrifuge at 250g for 5 minutes at 4°C and resuspended and cultured in Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 50U/mL penicillin, 

50U/mL streptomycin, and 10mM HEPES (all ThermoFisher). Fresh DMEM was exchanged 

every two to three days. Cells from passages 2-7 were used in all subsequent experiments. 

Photolithography. Photolithographic transparency masks were designed in AutoCAD (Autodesk 

Inc., San Rafael CA) and fabricated by CAD/Art Services Inc. (Bandon, OR). The design of the 

masks for the single cell studies consisted of rectangular features of constant surface area spaced 

50μm apart, with variable width-to-length aspect ratios (1:3 [23.80 x 71.41μm]; 1:5 [18.43 x 

92.19μm]; 1:7 [15.58 x 109.09μm] in rectangular grids. The determination of the dimensions of 

the features is outlined in the Electronic Supplemental Information (ESI†). These aspect ratios 

represented the AR of cells that underwent 0% (undeformed), 10% (normal physiological stretch), 

and 20% (elevated) stretch, respectively.5 Each grid contained 12,500 single cell features. Silicon 

wafers (Wafer World, West Palm Beach FL) were then spin coated with Su-8 2005 negative 

photoresist (MicroChem Corp, Westborough MA) and exposed to ultraviolet light through the 

photomask and developed using standard photolithography protocols.32 Silicon wafers were then 

subsequently silanized with tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane (United 

Chemical Corp, Filmore CA) overnight in a vacuum dessicator.  

Microcontact printing and cell culture. Polydimethylsiloxane (PDMS; Dow Corning, Midland 

MI) was poured over the above silicon wafer and allowed to cure for 3 hours at 70°C. PDMS 

stamps with the desired features were then cut out. 50μg/mL Fibronectin (Corning, Corning NY) 
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was incubated on the PDMS stamps with aforementioned microscale raised rectangular features 

for 1 hour at room temperature and blown dry gently. The stamp was then placed in contact with 

Ultraviolet-Ozone treated PDMS-coated coverslips for 5 minutes, thereby transferring the pattern. 

Coverslips were then blocked for 10 minutes with 1% Pluronics F-127 (Sigma) to prevent non-

specific cell binding onto the PDMS substrate. The coverslips were washed three times with dPBS 

and VICs were seeded at 1000 cells per cm2 coverslip area and cultured at 37°C, 5% CO2. The 

justification for the seeding density is outlined in the Electronic Supplemental Information (ESI†). 

For samples that were treated with cytochalasin D, 0.1µM of the drug was added to the cell 24 

hours before terminating for sample processing. 

Fluorescent staining of actin and nucleus. After 48 hours of culture, cells were fixed with 4% 

paraformaldehyde (PFA), permeabilized using 0.5% Triton X-100 and stained for F-actin using 

Alexa Fluor 488 phalloidin (1:100; ThermoFisher) and for nuclei using 25µg/mL 4',6-diamidino-

2-phenylindole (DAPI; ThermoFisher) for 1 hour at room temperature. Samples were then 

mounted onto a glass slide using Prolong Gold mounting medium (ThermoFisher), allowed to dry 

overnight and imaged using a Nikon Ti epifluorescence microscope.  

Analysis of actin and nuclear architecture. Actin alignment was quantified using a custom-

written MATLAB script, and reported using the Orientation parameter (OP), where an OP of 1 

indicated perfect anisotropy and an OP of zero indicated isotropy of the actin filaments.14a To 

characterize the 3D nuclear size and morphology, image volumes of DAPI-stained samples were 

acquired using a commercial multiphoton microscope (Ultima Investigator, Bruker Corp.) with a 

water immersion 20x objective (1.0 NA).  The two-photon excitation wavelength was 755nm, and 

emission was collected by a non-descanned detector with a 460(±20) nm bandpass emission filter.  

Digital voxel resolution was 0.5µm in the axial and lateral resolution. Laser power and detector 

gain were initially optimized to prevent photobleaching and pixel saturation and remained 

consistent throughout the experiment.  Using MATLAB, an intensity threshold of 250 was applied 

to the 13-bit intensity images to produce a nuclear mask from each image volume.  Individual 

nuclei were identified based on pixel connectivity, and nuclear volume as well as average intensity 

within each nucleus were computed.  Finally, a maximum intensity z-projection of the image 

volume was obtained and the aspect ratio was computed from the major and minor axes of an 

ellipse fit to each nucleus using the regionprops.m function.   
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Traction force microscopy and analysis.  VICs were seeded on 9kPa polyacrylamide gels for 

traction force microscopy (TFM) using methods published by others.15, 33 Polyacrylamide gels 

were prepared by mixing 40% acrylamide and 2% bis-acrylamide stock solutions with 2% v/v N-

hydroxyethylacrylamide and 4% v/v Alexa Fluore 488-conjugated fluorescent beads (0.2µm 

fluorospheres, ThermoFisher) in 50mM HEPES. This mixture was sonicated for 20 minutes, 

followed by the addition of ammonium persulfate and tetramethylethylenediamine (TEMED) to 

allow polymerization. 15µL of this mixture was pipetted onto silane-activated 35mm coverslips.33 

A clean 18mm coverslip was put on top of the droplet to create a flat gel. This gel-coverslip was 

UV-O treated for 10 minutes before microcontact printing and cell seeding was performed as 

outlined earlier. Samples treated with cytochalasin D were cultured as mentioned earlier. At the 

end of the culture period, the sample was transferred to a heated imaging chamber (Warner 

Instruments, Hamden CT) and incubated in Tyrode’s buffer (Sigma). Fluorescent images of the 

beads immediately beneath the patterned cells were recorded using the previously mentioned two-

photon microscope with a 960nm excitation wavelength and a 525nm/45nm emission filter. The 

change in the position of the fluorescent beads was quantified using a MATLAB script using an 

algorithm described by others.14b, 15, 34 Cell contractility was quantified by VIC response to 50nM 

ET-1 (Sigma) after 5 minutes. VIC basal tone was quantified by VIC response to a 100µM 

saturating dose of the rho-activated kinase inhibitor and vasodilator HA-1077 after 5 minutes. 

Tractions were calculated from the displacement field using a Fourier Transform method with 

mechanical properties of the gel assumed to be known (Young’s Modulus = 9kPa; Poisson’s ratio 

= 0.5).34 As the traction stresses are mostly confined to the ends of the cell, each cell was then 

longitudinally divided into five equal sections and the mean traction stresses within the sections at 

the ends of the cell were calculated and reported.  

Two-photon redox imaging. For redox imaging, VIC samples were placed in a heated imaging 

chamber as before and imaged using a custom-built resonant-scanning multiphoton microscopy 

platform with a 40X, 0.8 NA water immersion objective (Nikon, Japan) and a MaiTai ultrafast 

Ti:Sapphire tunable laser source (Spectra-Physics, Santa Clara CA). The laser excitation source 

was tuned to 755nm (NADH fluorescence) or 860nm (FAD fluorescence) and images were 

acquired via non-descanned detectors with 460nm/40nm (NADH) or 525nm/45nm (FAD) 

bandpass filters, respectively. Laser power was kept constant at 30mW at the sample plane and 

photomultiplier tube (PMT) gain was fixed at 90%. Images of a cuvette filled with 4ng/mL 
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Rhodamine B (Sigma) were acquired via a 607nm/70nm bandpass filter, under identical conditions 

for both NADH and FAD acquisitions, to account for possible day-to-day variation in laser 

intensity. Images were analyzed using a custom MATLAB script and redox ratio was calculated 

using the following equation on a per pixel basis:35 

][][

][
ratioRedox 

FADNADH

FAD


  

[FAD] represents intensity of the FAD image normalized by the corresponding rhodamine 

intensity. [NADH] represents intensity of the NADH image normalized by the corresponding 

rhodamine intensity.  

Immunofluorescence and western blotting for proliferation/activation markers. For Ki-67 

immunostaining, cells were fixed and permeabilized with 4% PFA and 0.5% Triton-X100 for 10 

minutes. An equal mixture of 5% bovine serum albumin (BSA; Sigma) and goat serum (Abcam, 

Cambridge United Kingdom) were used to block non-specific binding for 2 hours at room 

temperature. The cells were then incubated with Ki-67 antibody (Abcam) at a dilution of 1:500 

and kept at 4°C overnight. Alexa Fluor 488-conjugated goat-anti-rabbit antibody (1:200; 

ThermoFisher) and 50µg/mL DAPI were applied to the cells and incubated for 1 hour before 

mounting the coverslips onto a glass slide using Prolong Gold antifade reagent for imaging.  

For western blotting, cells were lysed with urea lysis buffer.14a Cell lysate was centrifuged 

at 10,000 rpm at 4°C and the supernatant was collected and quantified by BCA assay. 10μg of total 

protein was loaded onto each well of a 4-15% polyacrylamide gel (Bio-Rad, Hercules CA) and 

separated by electrophoresis at 150V. Proteins were then transferred to a polyvinyldifluoride 

(PVDF, EMD Millipore, Billerica MA) membrane, blocked in blocking buffer (Li-Cor, Lincoln 

NE) for 2 hours before probing with rabbit total ERK1/2 antibody (Cell Signaling Technology, 

Danvers MA; 1:50) and mouse phosphorylated ERK1/2 (Cell Signaling Technology; 1:500), rabbit 

anti-α-SMA (Abcam, 1:200), mouse anti-vimentin (Abcam, 1:1000), mouse anti-SM-MHC 

(Millipore, 1:20) or mouse β-actin (Abcam, 1:500). The membranes were kept at 4°C overnight. 

Appropriate secondary antibodies (Li-Cor; 1:15,000) were subsequently added to the membranes 

and incubated for 1 hour with gentle shaking, followed by washing with dPBS and distilled-

deionized water. Membranes were then scanned using a Licor Odyssey scanner. Protein expression 

was quantified by obtaining the band intensity for the α-SMA protein and normalizing it with the 

intensity obtained for β-actin protein. 
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Statistical Analysis. All data were first analyzed for normality using the Anderson–Darling 

method. All normally distributed data were subsequently analyzed by one- or two-way ANOVA 

followed by Holm-Sidak multiple pairwise comparisons. Data not normally distributed were 

analyzed using Mann-Whitney non-parametric methods. Unless otherwise specified, a p-value of 

less than 0.05 was used to indicate statistical significance. Data was plotted as mean with standard 

error bars. All results were from a sample size of at least 4 or more separate experiments. 
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FIGURES 

 

 
Figure 1: Single-cell culture model. (A) Photomasks of single-cell grid arrays with differing 

width-length aspect ratios. (Scale bar = 100μm) (B) Schematic depicting microcontact printing 

protocol. (C) Single cell culture images (scale bar = 100µm) 
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Figure 2: Actin orientation and nuclear morphology analysis of single cells. (A) Single VICs 

fluorescently stained with Phalloidin (white) and DAPI (blue) (scale bar = 10µm). (B) Higher 

magnification DAPI images utilized for nuclear morphology analysis (scale bar = 5µm) (C) Actin 

orientation parameter data. (D) Nuclear aspect ratio data. (E) Nuclear 3D volume data. (F) Nuclear 

chromatin density data. (* p<0.05; # p<0.05 with respect to 1:3) 
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Figure 3: Traction force microscopy data. Representative constrained traction stress color maps 

representing (A) peak contractile stress generation due to ET-1 and peak relaxation due to HA-

1077 (scale bar = 10µm). (B) Mean contractile traction due to ET-1. (C) Mean relaxation 

traction/basal tone due to HA-1077. (* p<0.05; # p<0.05 with respect to 1:3) 
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Figure 4: Redox imaging of single cell (A) Representative FAD and NADH fluorescence images 

(scale bar = 10µm). (B) Representative color maps of VIC optical redox ratios (scale bar = 10µm). 

(C) Mean redox ratio data for all VICs. (* p<0.05; # p<0.05 with respect to 1:3) 
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Figure 5: Immunofluorescent and western blotting data showing the proliferation and pathological 

activation of VICs. (A) Representative immunofluorescently stained VICs for Ki-67 (white) (scale 

bar = 10µm). (B) Semi-quantitation of Ki-67 immunostains. (C) Representative western blot scan 

for VIC phenotype markers. (D) Densitometric analysis of α-SMA western blots. (* p<0.05; # 

p<0.05 with respect to 1:3) 
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