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Abstract

Engineered 3D cardiac tissue constructs (ECTCs) can replicate complex cardiac physiology under 

normal and pathological conditions. Currently, most measurements of ECTC contractility are 

either made isometrically, with fixed length and without control of the applied force, or 

auxotonically against a variable force, with the length changing during the contraction. The “I-

Wire” platform addresses the unmet need to control the force applied to ECTCs while 

interrogating their passive and active mechanical and electrical characteristics. A six-well plate 

with inserted PDMS casting molds containing neonatal rat cardiomyocytes cultured with fibrin for 

13–15 days is mounted on the motorized mechanical stage of an inverted microscope equipped 

with a fast sCMOS camera. A calibrated flexible probe provides strain load of the ECTC via 

lateral displacement, and the microscope detects the deflections of both the probe and the ECTC. 

The ECTCs exhibited longitudinally aligned cardiomyocytes with well-developed sarcomeric 

structure, recapitulated the Frank-Starling force-tension relationship, and demonstrated expected 

transmembrane action potentials, electrical and mechanical restitutions, and responses to both β-

adrenergic stimulation and blebbistatin. The I-Wire platform enables creation and mechanical and 

electrical characterization of ECTCs, and hence can be valuable in the study of cardiac diseases, 
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drug screening, drug development, and the qualification of cells for tissue-engineered regenerative 

medicine.
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1. Introduction

The growing interest in organs-on-chips, also known as tissue chips and in vitro organ 

constructs, is driven in part by the recognition that two-dimensional biology-on-plastic using 

immortal cell lines does not adequately recapitulate human physiology, particularly the 

details of the response of the cells to drugs and toxins [1;2]. A large number of in vitro 
organ-on-chip models have been developed [3;4], ranging from planar co-culture models of 

cellular endothelial-epithelial interfaces [5;6] to 3D multiculture models of the human brain 

neurovascular unit [7–10]. Mechanical activation is critical in some of these, for example the 

pulmonary alveolus-on-a-chip [5;11;12] and possibly the gut-on-a-chip [13], but only 

cardiac, vascular, and skeletal muscle tissue would be expected to exhibit intrinsic, 

mechanical contractions. Hence, these engineered tissues represent a special class of 

mechanically active biomaterials. In a companion paper, we describe how the mechanical 

behavior of these contractile biomaterials can be further analyzed using a computational Hill 

model [14].

The measurements of the force of contraction on muscle-on-chip preparations range from 

qualitative observations of the contraction of cellular monolayers supported on posts or a 

planar substrate [15;16] to quantitative measurements of the deflection of either passive 

cantilevers that support a monolayer of cells [17–20] or the ends of 3D fiber constructs [21–

26]. A disadvantage of the cantilever technique is that it requires careful manufacturing of a 

cantilever substrate material that is not significantly stiffer than a cellular monolayer in order 

to avoid reducing the fractional shortening of the cells during contraction. An advantage of 

the 3D fiber constructs is that they can be created with minimal scaffolding. These two 

approaches, both free from mechanical input or control, should be suitable for high-

throughput screening, but neither readily supports the full mechanical characterization 

typical of excised muscle preparations.
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The literature certainly supports the value of active intervention to control the timing and 

amplitude of applied forces and/or strain to identify both passive elastic properties and active 

contractile behavior. The isolated papillary muscle, ventricular strips, and Purkinje fiber 

preparations have proven to be critical in understanding the passive and active 

electromechanical properties of cardiac tissue [27;28]. Full mechanical characterization of 

the passive and active elastomechanics of a single, end-supported cardiomyocyte can be 

accomplished using optical sensing and mechanical feedback control [29], albeit with rather 

expensive hardware (IonOptix, Westwood, MA, USA). At the opposite extreme of the single 

cardiomyocyte and to avoid the limitations of one-dimensional constructs, it should be 

possible to use molding and other tissue engineering and scaffolding techniques to create a 

3D model of a working ventricle. Characterization of the resulting 3D construct would be 

difficult, however, because of both the complex topology and dynamics of a 3D engineered 

ventricle operating within a small bioreactor and the skill required to record the electrical 

and mechanical behavior of what is equivalent to a mouse heart [30]. Given the importance 

of the heart and its susceptibility to adverse drug interactions, and the limitations of the 

aforementioned approaches, there is a need for a 3D cardiac tissue model that is intermediate 

between a cellular monolayer and a complete ventricle. We describe a small-diameter, 

cylindrical heart-on-a-chip cardiac fiber construct, termed the I-Wire engineered cardiac 

tissue construct (ECTC), or more simply the “construct.” The ECTC does not require 

vascularization and is large enough to simplify quantitative measurements of both 

electrophysiological responses and the passive and active elastic properties of the constructs 

under different stimulus, mechanical loading, and drug and toxin protocols. We anticipate 

the applicability of the I-Wire system and the ECTC to drug development, toxicology, and 

physiology.

The I-Wire system can be implemented at low cost and small size to readily enable medium-

throughput screening, which could include sustained electrical, mechanical, and/or 

pharmacological stimulation with continuous electrical and intermittent biomechanical 

recording. The system can be implemented with small fluid volumes to allow 

electrochemical and mass spectrometric characterization of the bioenergetic and 

metabolomic responses to electrical stimulation, mechanical loading, drugs, and toxins.

2. Methods

2.1. Preparing the PDMS casting mold

An array of six casting mold cavities was machined into a solid cast acrylic sheet using a 

0.79 mm diameter end mill and a desktop CNC milling machine (MicroProto Systems, 

Chandler, AZ, USA) driven by Mach3 software and a personal computer. Each cavity had a 

depth of 3 mm and incorporated a set of four distinct thin ridges to define channels suitable 

for later placement of anchoring wires. After cleaning the machined cavities, a narrow rim of 

card stock paper was placed around the 75 mm x 75 mm array of six cavities, and each of 

the cavities was filled to overflowing with liquid PDMS activated in a 10:1 weight ratio with 

curing agent (SYLGARD™ 184 kit, Dow Corning, Midland, MI, USA). The filled mold 

array was placed in a vacuum chamber for 15 minutes to degas the PDMS, and then a flat 

plastic plate was lowered onto the array for meniscus elimination and surface leveling. The 
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assembly was placed in a 65°C oven overnight to cure the PDMS. Thereafter, the six-I-Wire 

array was removed from the mold and individual devices were separated and transferred to 

the six-well plate. Two titanium wires were inserted in the channels on opposite sides of the 

device (Fig. 1A) to serve as anchors at each end of the construct.

2.2. Cell isolation and culturing

All experiments conformed to the Guide for the Care and Use of Laboratory Animals 

published by the US National Institutes of Health and were approved in advance by the 

Vanderbilt Institutional Animal Care and Use Committee.

Neonatal rat ventricular cells were obtained from 2-day-old neonatal Sprague-Dawley [31] 

rats using a trypsin digestion protocol with agitation overnight at 4°C [17;32] and plating 

cells for 40 minutes at 37°C. The population of isolated cells is heterogeneous and besides 

cardiomyocytes includes fibroblasts, endothelial cells, and vascular smooth muscle cells 

[33]. The presence of the different cell types is important for formation of the extracellular 

matrix and tissue structure. The isolated cells were mixed with fibrinogen (5 mg/mL, Sigma-

Aldrich, St. Louis, MO, USA) / Matrigel™ (100 μL/mL, BD Biosciences, San Jose, CA, 

USA) plus thrombin (15 μL, 100 U/mL, Sigma-Aldrich, St. Louis, MO, USA) [34], and 

pipetted in a casting mold (Fig. 1A). Thereafter, cells were kept at 37°C in a 5% CO2 

humidified cell culture incubator for 1 hour. When fibrinogen was polymerized, 2 mL of cell 

culture media was added per well. The culture medium consisted of DMEM (Gibco Fisher 

Scientific, Waltham, MA, USA), 10% horse serum (Gibco Fisher Scientific, Waltham, MA, 

USA), 2% chick embryo extract (US Biological Fisher Scientific, Waltham, MA, USA), 1% 

penicillin/streptomycin (Gibco Fisher Scientific, Waltham, MA, USA), 10 μg/mL insulin 

(Sigma-Aldrich, St. Louis, MO, USA), 400 μM tranexamic acid (Sigma-Aldrich, St. Louis, 

MO, USA), and 33 μg/mL aprotinin (Sigma-Aldrich, St. Louis, MO, USA) [34]. Over time, 

the preparation condensed to form elongated muscle fibers of 350–400 μm in diameter and 7 

mm long. After 13–15 days of culturing, the contractility and stiffness of the ECTC (Fig. 

1B, C) could be measured using our microscope-based optical setup (Fig. 1E).

2.3 Registration system for the contraction recording

To apply tensional force to the ECTC and detect contraction, a flexible PEEK tube of 365 

μm in outer diameter and 120 μm bore (Putnam Plastics, Dayville, CT, USA) and 28 mm 

length was glued to a Plexiglas cantilever adjuster attached to a cantilever support plate with 

two embedded position-control magnets (Fig. 1E). The stiffness of the probe was roughly 

matched to that of the ECTC; one might choose to use either a softer or stiffer probe to study 

ECTCs with different mechanical properties. The cantilever support plate with cantilever 

adjuster and flexible probe was mounted with a friction fit to the condenser of the inverted 

optical microscope (Eclipse Ti, Nikon, Melville, NY, USA) equipped with a digital camera 

system (Zyla sCMOS Camera, Andor Technology, Belfast, Northern Ireland). The 16.6 x 

14.0 mm sensor has 2560 x 2160 pixels resolution, and a spatial resolution of 3.25 μm/pixel. 

Movies (15 seconds in duration) were acquired at 200 frames per second. The microscope 

was equipped with a motorized stage (MS-2000 Flat-Top XYZ Automated Stage, ASI, 

Eugene, OR, USA), which could be moved precisely in a horizontal plane and thereby apply 

a lateral horizontal force at the mid-section of the ECTC normal to the long axis of the 
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ECTC, which was anchored at both ends (Fig. 1B). The spring characteristic of the plastic 

cantilever was calibrated using an analytical balance (Ohaus Corporation, Parsippany, NJ, 

USA) and a high precision micromanipulator (Newport, Irvine, CA, USA), and it 

demonstrated a linear weight - displacement relationship (Fig. 1F). During contraction of the 

ECTC, the optical registration of the distance of probe tip displacement was used to 

calculate the force involved in deforming the ECTC.

2.4 Registration of action potential and reconstruction of electrical and mechanical 
restitution

Action potentials were recorded by utilizing floating micropipettes filled with 3-M KCl [35]. 

The micropipettes were pulled from borosilicate glass capillaries (WPI, Sarasota, FL) by a 

micropipette puller (P80/PC, Sutter Instruments, Novato, CA, USA). The tips of the 

micropipettes were mounted on a platinum wire of 50 μm diameter. The reference Ag/AgCl 

electrode (EP8, WPI, Sarasota, FL, USA) was placed in the well next to the PDMS insert. 

The electrodes were connected with a dual differential electrometer (Duo 773, WPI, 

Sarasota, FL, USA) and signals were digitized, visualized, and recorded by a digital 

oscilloscope (TDS5034B, Tektronix, Beaverton, OR, USA). The sampling rate was 25 kHz. 

The recorded data were processed with a Savitzky-Golay digital filter (OriginLab, 

Northampton, MA, USA). To inhibit contractility, the excitation-contraction uncoupler 

blebbistatin (Sigma-Aldrich, St. Louis, MO, USA) was applied at a concentration of 6 μM. 

A red filter (Edmund Optics, Barrington, NJ, USA) was used to prevent photolysis of 

blebbistatin during microscopic observation. The action potential duration (APD) was 

detected at a level of 90% of recovery. The dynamic pacing protocol started with a 

stimulation interval of 2500 ms and was gradually reduced with steps of 50–500 ms. The 

voltage (six times threshold) was delivered via the anchoring titanium wires (0.25 mm, 

Sigma-Aldrich, St. Louis, MO, USA) by a Grass square pulse stimulator (Grass SD9, 

Warwick, RI, USA). To reconstruct the mechanical restitution curve, the ECTCs were paced 

with frequencies of 0.5, 1, 2, 3, and 4 Hz at an applied transverse force of 0.54 mN. The 

contractility was also tested by β-adrenergic stimulation using isoproterenol (Sigma-Aldrich, 

St. Louis, MO, USA) at a concentration of 1 μM.

2.5. Data processing and analysis

The optical recordings of contracting ECTCs were imported as movies into MATLAB 

(MathWorks, Natick, MA, USA) for the following analysis. First, the image contrast was 

adjusted to image only the tip of the flexible cantilever (Fig. 1C). Thereafter, the data were 

processed to create a binary (black and white) image (Fig. 1D). Then, the coordinates of the 

centroid were detected for each image in a binary movie data set. The resulting traces are 

depicted in Fig. 4A. To represent a single contraction, seven successive contractions in one 

recording were averaged. Movies showing contracting ECTCs at different tension and 

stimulation frequency and a binary movie demonstrating the displacement of only the 

flexible probe tip are presented in the Supplementary Material.

Using the optical measurement of the probe tip displacement, we computed the lateral 

displacement of the ECTC, the length of the anchored ECTC, the geometry of the probe 

placement, and the developed force in the ECTC as a function of time. The exerted force 
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during contraction and relaxation is represented by the maximal force measured in the 

ECTC during contraction and the minimal force measured during relaxation, respectively. 

The developed force was shown by the change in the location of the probe tip over time. The 

maximum contraction velocity was determined as a maximum of the derivative of the 

contraction trace. ECTC stretch was calculated as a fraction of ECTC length change in 

relation to initial ECTC dimension. The details of the force calculation are presented in the 

Supplementary Material.

The cross-sectional area of the construct was computed based on the ECTC diameter as a 

mean value of three measurements: at the middle point of the ECTC and at two points 1 mm 

distant from the middle point on the left and right sides.

2.6. Calculation of elastic modulus

The described system can also be used to provide important information concerning the 

elastic properties of the ECTC. To estimate the contribution of the passive and active 

contractile elements in elasticity, the recordings were acquired before and after 

administration of 6 μM of blebbistatin in the same ECTCs. Blebbistatin is a reversible 

specific inhibitor of adenosine triphosphatase associated with myosin II isoforms [36;37] 

and hence blocks active muscle contraction.

At first, the linear part of the ECTC stretch-force curve was fitted using a linear equation and 

the amount of change of ECTC length was calculated. The value of elastic modulus, E, was 

computed as a stress/strain ratio [38]:

where FC is the longitudinal force exerted on the construct, Lo is the length of the ECTC, Ao 

is the cross-sectional area, and ΔL is the amount by which the length of the construct 

changed. Taking into account the geometry, we computed the elastic modulus using the 

equation

where FP is the transverse force applied by the probe to the ECTC, ds is the distance 

between the initial and current position of the stage, dt is the distance between the initial and 

current position of the flexible probe tip, α is one-half the length of the resting construct, 

and D is the diameter of the ECTC. A diagram and the details of the elastic modulus 

calculation are presented in the Supplementary Material.

2.7. Immunohistochemistry

After two weeks’ incubation in the mold and after the measurements, the ECTC was fixed in 

4% paraformaldehyde for 15 min, washed 3 times with PBS, processed, and embedded in 
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paraffin blocks. The embedded ECTC was sliced into 5-μm sections. The antigens were 

retrieved by incubation sections at 94°C in 10 mM sodium citrate buffer (pH 6.0) for 10 min. 

Antibodies were utilized as follows: mouse monoclonal antibodies against the heavy chain 

of myosin II (MF 20, 1:15, Developmental Studies Hybridoma Bank) and a rabbit 

polyclonal antibody specific for connexin 43 (H-150, 1:100, Santa Cruz Biotechnology, 

Dallas, TX, USA). The secondary staining was conducted using goat anti-mouse Alexa 568-

conjugated and donkey anti-rabbit Alexa 488-conjugated antibodies (Thermo Fisher 

Scientific, Waltham, MA, USA) for MF 20 and H-150, respectively. Nuclear staining was 

performed using DAPI (DAPI Fluoromount-G, Southern Biotech, Birmingham, AL, USA).

2.8. Statistical methods

Group data are presented as mean±SE. The statistical comparisons between two groups were 

made with an unpaired and paired Student’s t-test. Values of P<0.05 were considered 

statistically significant. We utilized regression analysis to estimate the relationship between 

weight and displacement during calibration of the flexible probe.

3. Results

3.1. Structural and electrophysiological phenotype of the ECTC

We examined ECTCs that were created by mixing neonatal cardiac cells with MatrigelTM/

fibrinogen gel and thrombin and seeding them in PDMS casting molds at a final density of 

4x106 cells/mL [34]. At the beginning, the gel containing rounded cells distributed 

uniformly within the PDMS mold. As the cultured cells matured within the construct, they 

elongated, aligned along the long axis between two wires, remodeled and contracted the gel, 

and started synchronously beating after 5–6 days of culture. By the 10th – 12th day of 

culture, the construct formed an elongated cardiac muscle of 300–400 μm in diameter. 

Figure 2A illustrates H & E staining of the ECTC sectioned along the longitudinal axis, with 

the ECTC cross-section shown in the insert. One can see densely packed myofibers with 

elongated nuclei. ECTC immunostaining for myosin II heavy chain (red; Fig. 2B) illustrates 

even distribution of the cardiomyocytes across the preparation. Immunostaining using 

antibodies specific for electrical coupling protein connexin-43 (green; Fig. 2C) revealed 

consistent spreading of the gap junctions throughout the ECTC (Fig. 2C). The higher 

magnification in Fig. 2D shows elongated, longitudinally aligned cardiomyocytes (CMs) 

with a developed sarcomeric structure (red) and colocalized gap junctions (green).

We characterized the electrophysiological properties of the ECTC using microelectrode 

measurements. The AP amplitude (APA) and resting potential were 86 ± 3.4 mV and -67 

± 4.1 mV (N = 5) at a pacing interval (PI) of 2000 ms (Fig. 3). The change of pacing rate 

from 2000 ms down to 500 ms significantly decreased APD from 236 ± 28 ms to 177 ± 12 

ms, respectively (P < 0.01).

3.2. Mechanical restitution in the ECTC

Fig. 4 illustrates a typical experiment when contractility was measured as a function of 

applied transverse force (Fig. 4A, B) and pacing rate (Fig. 4C–F). The gradual elevation of 

the applied force to 0.69 mN by gradual translation of the microscope stage resulted in both 
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an extension of the ECTC (shift in base line) and an increase in contraction amplitude (Panel 

A). The Frank-Starling relationship is evident in Fig. 4B, when calibrated traces of a single 

contraction are superimposed.

The contraction force of cardiac muscle depends on the previous recovery time. To examine 

the force-frequency relationship, the pacing rate was progressively increased from 0.5 Hz to 

4 Hz. The characteristic time course of mechanical restitution and related contraction traces 

recorded in a single experiment are represented in Figs. 4C and D. The amplitude of the 

contraction force decreases with an increase of the stimulation frequency, indicating 

behavior termed “negative staircase” [39]. Figure 4E demonstrates the force-interval 

relationship including six different experiments. It should be noted that the mechanical 

restitution curve has a flat interval between PIs of 500 ms and 660 ms. The related dip in 

contraction velocity-interval curve occurs at a PI of 660 ms (Fig. 4F).

3.3. Adrenergic stimulation

The most important regulation of cardiac inotropy is mediated by adrenergic stimulation 

[40]. In the current work, we administrated isoproterenol at a concentration of 1 μM to 

assess the degree of ECTC maturation and to validate the potential of ECTCs for 

investigation of the effects of pharmacological agents. The inotropic response of β-

adrenergic stimulation is demonstrated in Fig. 5. Application of the isoproterenol caused a 

significant increase of the developed force for applied transverse forces greater than 0.156 

mN and statistically significant acceleration of the contraction velocity when the applied 

force exceeded 0.233 mN (P < 0.05, N = 7). The separate analysis of the effect of the β-

adrenergic agonist on the force exerted by the ECTC during contraction and relaxation 

revealed that a significant change occurs only in the phase of relaxation, indicating that the 

drug-induced elevation of the developed force was offset almost exactly by the enhanced 

relaxation (Fig. 5C).

3.4. Elasticity measurement

The elastic modulus of an object is defined as the slope of its stress-strain curve in the elastic 

deformation region [41]. To measure the elastic properties of the ECTC, the stretch-stress 

curve was reconstructed and then the slope of the linear part of the curve was utilized to 

calculate Young’s modulus. Fig. 6A illustrates a typical experiment showing how the length 

of the ECTC alters during contraction as a function of the tensional force. It is evident that 

extensions of the ECTC in both contraction and relaxation phases increase in relation to 

stress. The stretch-stress curves created for contraction and relaxation phases as well as for 

ECTCs treated with blebbistatin to block contraction are represented in Fig. 6B. A 

substantial elongation of the ECTC is observed when the tensional force is increased above 

0.15 mN. All three conditions demonstrated progressive increase of ECTC length as the 

applied force was increased. The slopes of the fitted straight line for systolic, diastolic, and 

blebbistatin-treated ECTCs were 4.9, 15.1 and 17.5%/mN, respectively. Fig. 6C shows the 

effect of blebbistatin on elasticity of the ECTC more clearly. The treatment with 6 μM of 

blebbistatin significantly decreased the Young’s modulus of the ECTC from 13.4 ± 2.5 kPa 

to 10.3 ± 2.8 kPa (Fig. 6C; N = 5, P < 0.05), a value that represented the intrinsic stiffness of 

the 3D construct.
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4. Discussion

Characterization of ECTCs

To estimate the functionality of engineered 3D cardiac tissue, the majority of techniques 

incorporate measurements of the contractility using a force transducer [42–45] or an optical 

system that records the deflection of a passive cantilever [18;21;22;34;46]. The drawback of 

force transducer systems is that they record isometric contraction, in which the ends of the 

construct are fixed and muscle length cannot change and perform external work, which is the 

product of force times distance shortened [47;48]. The weakness of prior systems based on 

optical recording of passive cantilever deflection is the inability to control the tensional force 

applied to the construct. Magnetically actuated microcantilevers have been used to control 

the applied forces, but this technology has yet to be extended to ECTCs [49].

Interpretation of I-Wire results

In this work we described the I-Wire platform we developed to grow 3D cardiac tissue 

constructs and to conduct measurements of their mechanical and electrophysiological 

parameters to estimate the functionality of the ECTC in both normal and pharmacologically 

modified conditions. The advantage of our approach over others that measure the passive 

deflection of PDMS posts [21;22;34]] is that we can control the force applied to the ECTC 

by the cantilever probe, and measure the passive and active responses to different applied 

transverse forces, all using a single ECTC. While the measurements we report on ECTCs 

could be accomplished with a force transducer and a linear actuator, as has been reported for 

skeletal muscle [50], these two instruments are both large and expensive and, like classical 

measurements of biomaterials elasticity, require the mounting of the construct in a separate 

instrument. In our approach, a low-cost mold with embedded wires is used to grow the 

ECTC, which need not be removed from the culture system for characterization. The wires 

can be used for electrical stimulation, either acutely during the measurement or chronically 

during culture. We are currently devising a compact system that can apply a steady, 

controlled mechanical force to each ECTC during culture, and it will be only a modest 

extension of this approach to implement a flexible, controlled cantilever that is dedicated to 

each construct in a well plate, thereby scaling this approach to at least medium throughput, 

with all measurements made in a closed, sterile incubator.

Our approach to form and characterize ECTC was assessed by utilizing neonatal rat CMs 

and a fibrin-based ECM [34]. After molding and 13–15 days of culture, the neonatal CMs 

had differentiated into highly functional 3D cardiac fibers with well-organized tissue and 

sarcomeric structure.

The electrical restitution curve recapitulated the restitution dynamic characteristic for native 

myocardium, which has a slope >1 [51]. Along with APD restitution, the mechanical 

restitution or force-frequency relationship is an essential inherent mechanism to regulate 

heart contractility. It is accepted that the integrated intracellular Ca2+ change is generally 

responsible for the force-frequency relationship, and intracellular Ca2+ dynamics are mainly 

determined by sarcoplasmic reticulum Ca2+ load, L-type Ca2+ channels, and Na+-Ca2+ 

exchanger [52]. The mechanical restitution curves constructed from our measurements 
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demonstrated two phases. The first phase of the negative staircase, when the increase in 

stimulation frequency reduced the developed force [53], was detected for pacing intervals 

longer than 660 ms. The subsequent transient plateau phase appeared in a range of 660–500 

ms and was followed by a second phase of negative force-frequency relationship for a faster 

stimulation rate (Fig. 4E).

It should be noted that the behavior of the force-frequency relationship is markedly species-

dependent [54]. Most species exhibit positive staircase [55]. In rabbit hearts the positive 

force-frequency relationship was observed during slow stimulation rates and staircase 

became negative when pacing rate was increased to physiological beating frequencies, 

thereby demonstrating biphasic mechanical restitution [56]. The force-frequency 

relationship in rat and mouse myocardium change was the opposite: negative during slow 

pacing, up to 1–2 Hz, and positive for stimulation frequencies in a range of 1–4 Hz [54;57].

Bers et al. have suggested that due to high intracellular Na+ in rat and mouse CMs, the 

reversal potential for Na+/Ca2+ exchanger is slightly lower than transmembrane potential, 

and that this facilitates Ca2+ uptake during diastole and could result in negative staircase in 

rodent hearts detected at long pacing intervals [58]. Recently, Godier-Furnémont et al. 
demonstrated that concurrent mechanical and electrical stimulations of the ECTC can 

determine the force-frequency relationship [23]. In particular, stimulation with a frequency 

of 4 Hz for 5 days after day 8 of culture of ECTC grown from neonatal rat cardiomyocytes 

resulted in a positive staircase for pacing faster than 1 Hz, but stimulation with lower 

frequencies led to a negative staircase. The authors emphasize that the difference in 

formation of T-tubules and maturated sarcoplasmic reticulum underlies the observed 

phenomenon. It should be noted that because of an undeveloped vascular system, the fast 

pacing-induced metabolic starvation also could be responsible for the negative treppe effect 

at short stimulation intervals.

ECM, by linkage with the cytoskeleton and myofilaments through matrix receptors, is 

critical to maintain elasticity and to support the mechanical stress in the heart, hence 

remodeling of ECM and change of the cardiac tissue elasticity are often related with cardiac 

disease [59–61]. There is also a strong relationship of CM maturation and contractility to the 

elasticity of ECM or substrate stiffness in vitro. In particular, Jacot et al. have shown that 

neonatal CMs plated on gels with an elasticity of 10 kPa demonstrated larger calcium 

transients, more developed sarcoplasmic calcium stores, and greater mechanical force than 

cells grown on stiffer or softer substrates [62]. Another group found that to support function 

of the CMs isolated from chick embryos for a long time, the optimal matrix elasticity should 

be within 9–14 kPa [63]. The elastic modulus determined in our measurements was 13.4 

kPa. This value is between the lower number of 10 kPa considered as optimal for substrate 

to grow 2D cardiac tissue [63;64], and higher values of 18–25 kPa measured in normal rat 

heart muscle [61;62;65]. The present results suggest that neonatal cardiac cells are able to 

form the I-Wire construct with a biomechanical microenvironment similar to that of normal 

heart muscle.

To modify the elasticity of the ECTC, we utilized blebbistatin, which inhibits both the 

adenosine triphosphatase and the gliding motility of myosin II [36;66]. Specifically, it binds 
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to the myosin-ADP-Pi complex, impedes phosphate release, and thereby stabilizes the 

metastable state of myosin [37;66]. The application of 6 μM of blebbistatin decreased ECTC 

stiffness by 23%. In experiments on isolated mice CMs using a carbon fiber system, King et 
al. observed significant lowering (30%) of the diastolic stress after application of the 

blebbistatin, suggesting that interaction between actin and myosin during diastole is not 

completely interrupted and that titin plays the key role in both restoration and passive stress 

of the intact CMs [67]. In engineered tissue, the ECM, cell-to-cell and cell-ECM junctions, 

and the passive action of titin likely contribute to stiffness and could explain the lower effect 

of the blebbistatin in the ECTC.

The β-adrenergic stimulation predictably caused an increase in the developed force 

amplitude and velocity of contraction, but led to shortening of the contraction duration in the 

ECTCs (Fig. 5). A separate analysis of the exerted force developed in systole and diastole 

revealed a significant effect of the isoproterenol only during the diastolic phase. This is 

consistent with effects of the β-adrenergic stimulation in native myocardium, wherein the 

phosphorylation of phospholamban and troponin I mostly contributes to enhanced diastolic 

relaxation [40;68]. An analysis of these effects in terms of the Hill model of muscle is 

presented in the companion paper [14].

It should be noted that Frank-Starling systems commonly apply a uniaxial tensional force, 

though the “classical” Starling’s law describes the volume-pressure relationship in the whole 

heart. The length-tension relationship is considered a manifestation of this law at the cell or 

tissue level. The behavior of the Starling curve is mainly determined by actin-myosin 

interaction, and our system faithfully reproduces the physiological range of the length-

tension relationship: the ascending limb and plateau. It is important to note that during the 

cardiac cycle the ventricular wall undergoes not only uniaxial but lateral force as well. This 

also relates to trabeculae on the endocardial surface. From this perspective we believe that 

our model closely reproduces in vivo physiology.

It is also important to recognize that the small diameter of our constructs (350–400 μm) and 

their being surrounded by media ensure that each myocyte is within 175–200 μm of well-

oxygenated media, which should preclude the metabolic insufficiencies associated with 

thick, engineered muscle slabs. The classic studies on isolated papillary muscles, ventricular 

trabeculae, and cardiac Purkinje fibers have been conducted without the benefit of perfused 

microvasculature. Undoubtedly, we anticipate the development of vascularized or at least 

internally perfused constructs in the near future.

Conclusion

The optical registration of the flexible sensor movement allows quantitative measuring of 

contraction forces under different auxotonic loading conditions and pharmacological 

interventions. The quantitative measurements and modeling enabled by our I-Wire platform 

have great potential in pharmacology for new drug screening, cardiotoxicity, and basic 

science to investigate mechanisms of cardiac disease in both transgenic animal models and 

in human 3D cardiac tissue engineered from hiPSC-derived CMs. Obvious future extensions 

of the technique include its use with other mesenchymal cells and with CMs derived from 

the hiPSCs from both normal subjects and patients with cardiac disease, and fluorescent 
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measurements of AP propagation along the fiber and the associated Ca2+ signals [69]. The 

small volume of fluid surrounding the ECTC is ideal for electrochemical measurements of 

glucose and lactate fluxes, oxygen consumption and acidification [70], and mass 

spectrometric measurements of cardiac metabolomics [71].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Measurement system for the ECTC. (A) A PDMS-fabricated insert that fits into a six-well 

plate with its cardiac tissue construct. Two additional ridges are for electrodes for long-term 

field stimulation. (B) Magnified image of the ECTC depicted by white rectangle in panel A. 

The construct is attached to titanium wires. (C) Image of the central part of the ECTC and 

the tip of the flexible probe recorded with a Zyla sCMOS camera. (D) The sequence of 

processed binary images showing probe tip location during an ECTC contraction. The 

number in the upper right corner of each image represents elapsed time (ms). The image 

dimension is 700 μm x 350 μm. (E) Schematic representation of the basic probe geometry. 

(F) Force sensor calibration graph. The graph includes three probes with two measurements 

for each probe at each plotted point.
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Fig. 2. 
Histological imaging of the ECTC after 15 days in culture. (A) H & E staining of 

longitudinal section of the cardiac tissue construct. Insert is a cross-section. (B) Uniform 

distribution of the cardiomyocytes immunostained for heavy chain of myosin II (red). (C) 

Immunostaining of electrical coupling protein connexin-43 (green). (D) Higher 

magnification illustrates longitudinally aligned, elongated cardiomyocytes with well-

developed sarcomeric structure (red) and connexin-43 (green) positive gap junctions. 

Nuclear staining was performed using DAPI (blue).
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Fig. 3. 
APD restitution in the ECTC. (A) Representative APs recorded with a floating glass 

micropipette during stimulation with a PI of 500 ms. (B) Superimposed filtered and 

normalized APs recorded at a PI of 500 ms, 1000 ms, and 2000 ms. (C) The relationship 

between APD and PI (N = 5).
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Fig. 4. 
Contractile properties of the ECTC. (A) Representative, original, uncalibrated contractile 

force traces recorded (as pixels of deflection) at different applied transverse forces in one 

ECTC. The stimulation period is 2 s. The units of amplitude are pixels. (B) Superimposed 

developed force traces as a function of applied tension. (C & D) Mechanical restitution 

curve and traces recorded in one experiment. (E & F) Mechanical restitution and contraction 

velocity data (N = 6).
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Fig. 5. 
Inotropic response of the ECTC to β-adrenergic stimulation. (A) Developed force during 

control and application of 1 μM of isoproterenol in a single experiment. The stimulation 

period is 2 s. The first 800 ms of contraction trace are shown. The uncalibrated traces are 

shown in Fig. S2. Effect of isoproterenol (1 μM) on: Frank-Starling force-tension 

relationship, values are means ± SD (B); forces exerted in contraction (upper) and relaxation 

(lower) (C); contraction velocities (D). Control is black and isoproterenol is gray. *P< 0.05, 

N = 7.
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Fig. 6. 
Change of ECTC elasticity in response to application of blebbistatin. (A) Overlaid traces 

showing change in stretch during a contraction cycle, recorded at different tensions in a 

single experiment. (B) Tension-dependence of stretch during contraction, relaxation, and 

under blebbistatin at 6 μM. *P < 0.05 is for blebbistatin compared with relaxation, #P < 

0.001 is for relaxation compared with contraction, N = 5. (C) Young’s modulus of the ECTC 

calculated in relaxation and under blebbistatin, N = 5, *P < 0.05.
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