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Abstract

Engineered cardiac tissues derived from human induced pluripotent stem cells (iPSCs) are 

increasingly used for drug discovery, pharmacology and the models of developmental and disease. 

While there are numerous platforms to engineer cardiac tissues, they often require expensive and 

non-conventional equipment, and utilize advanced video processing algorithms. As a result, only 

specialized academic labs have been able to harness this technology. In addition, methodologies 

and tissue features have been challenging to reproduce between different groups and models. 

Here, we describe a facile technology (milliPillar) that covers the entire pipeline required for 

studies of engineered cardiac tissues. We describe methodologies for (i) platform fabrication, 

(ii) tissue engineering, (iii) electrical stimulation, (iv) automated real-time data acquisition and 

(v) advanced video analyses. We validate these methodologies and demonstrate the versatility 

of the platform by showcasing the fabrication of tissues in different hydrogel materials, and 

using cardiomyocytes derived from different iPSC lines in combination with different types of 

stromal cells. We also validate the use of electrical stimulation for long term culture (100 days) 

and provide protocols for automated analysis of force generation and calcium flux using both 
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brightfield and fluorescent imaging. Lastly, we demonstrate the compatibility of the milliPillar 

platform with electromechanical stimulation to enhance cardiac tissue function. We expect that 

this resource will provide a valuable and user-friendly tool for the generation and real-time 

assessment of engineered human cardiac tissues for basic and translational studies.
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INTRODUCTION

Numerous models of human myocardium have been developed in the past few years with 

the goal to generate minimally functional units that capture the heart patho/physiology in 

a simplified manner1. Monolayer cultures represent the simplest high-throughput model; 

however they lack the cell maturity and three-dimensional (3D) tissue environment required 

for most studies2,3. Microspheres can overcome this limitation while maintaining high 

throughput, but lack the structural template and mechanical cues, limiting their organization 

and not allowing direct measurements of contraction force, a critical aspect in disease 

modeling studies. Although lower in throughput, 3D cardiac tissues represent a promising 

alternative 4.

Cardiac tissues have been created through the compaction of cell-hydrogel constructs cast 

around anchoring structures such as wires, posts and pillars to provide mechanical loading 

that supports tissue maturation5–8. Further maturation has been achieved by electrical 

stimulation, designed to mimic the electrical pacing of cells in the native heart9,10. With 

advances in stem cell biology and the use of induced pluripotent stem cells (iPSCs), 3D 

models of the human heart can be used to study human cardiac biology, gain mechanistic 

insights into genetic disorders, and inform more effective patient-tailored therapies11.

While methodologies to generate and mature iPSC-derived cardiac tissues have been 

established by several groups, they are often difficult to set up and require specialized 

devices8,12,13. The equipment and protocols for electrical stimulation also vary from one 

study to another. Most importantly, the differences in the injected electrical charge can 

lead to difficulties in reproducing experiments between labs. With the increasing interest 

in harnessing these models for cardiac research, there is a clear need for a simple and 

accessible methodology to generate engineered cardiac tissues that can be adopted by any 

research laboratory.

Similarly, measurements of tissue functionality are an important point of consideration. 

Readouts from cardiac tissue models must be quantifiable, standardized, reproducible and 

relevant to the biological question at hand. With a diversity of existing models, it is 

imperative to compare tissue functionality across different studies, using absolute values 

of functional readouts. Quantitative metrics extracted from calcium and brightfield images 

can provide such values for pharmacological screening and studies of cardiac development 

and disease. In addition, the quantitative metrics in real-time is of great interest since it 
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allows longitudinal studies, where the same tissue can be repeatedly perturbed and evaluated 

over time.

To address these needs, we have developed milliPillar; a robust, user-friendly and 

customizable platform that supports tissue fabrication, electromechanical stimulation, and 

real-time data acquisition and analysis. milliPillar is designed to be tailored to specific 

needs of different research groups. We have developed this technology to facilitate adoption 

of cardiac tissue engineering (especially to those entering the field), allow exchange of 

experimental resources and data between laboratories, and support further advances in the 

field. The capabilities of the milliPillar platform and the previously reported cardiac tissue 

engineering platforms are compared in Table S18,12,14–19.

RESULTS AND DISCUSSION

Platform Overview

The milliPillar platform was designed to accommodate six wells for the cultivation of 

millimeter-sized tissues composed of iPS-derived cardiomyocytes and supporting stromal 

cells encapsulated in fibrin or collagen hydrogel (Figure 1, Step I). Cell-laden hydrogels 

were dispensed into each well and compacted around two flexible pillars that provided 

mechanical load during tissue contraction. Two electrodes embedded along the platform 

were connected to a customized electrical stimulator to provide tissues with controlled 

electrical stimulation (Figure 1, Step II). The bottom of the platform was bonded to a 

glass slide to allow real-time imaging. Custom video analysis algorithms were developed to 

measure tissue contractility (by brightfield imaging) and calcium handling (by fluorescent 

imaging) (Figure 1, Step III). These three steps make milliPillar suitable for a wide variety 

of research and experimental designs.

Fabrication and characterization of milliPillar platform

Platform design.—The milliPillar platform was fabricated by casting 

polydimethylsiloxane (PDMS) and carbon electrode rods into custom molds and curing 

in an oven at 65° C (Supplementary Figures S1 and S2), detached from the mold and 

bonded to a glass slide (Figure 2A–B). PDMS was chosen due to its low cost, ease of 

manipulation, biocompatibility, and gas exchange properties. However, users must take 

into consideration that PDMS non-selectively absorbs hydrophobic compounds, including 

oxygen and many drugs, and therefore could lead to misinterpretation of pharmacological 

studies and supernatant analyses20. Efforts are in progress to replace PDMS with other 

biocompatible and inert materials21,22.

The platform was designed to accommodate six tissues in separate wells to enable controlled 

culture conditions for each individual tissue (Figure 2A–B). The mm-size of the tissues was 

selected to decrease the number of cells10 while still providing sufficient tissue mass for 

molecular, structural and functional assays and also keeping the platform easy to manipulate 

under standard laboratory conditions (Figure 2C). Four platforms fit into one standard 4-well 

plate, enabling 24 tissues to be simultaneously cultured and analyzed (Supplementary Figure 

S2, bottom panel, step 7). The tissue spacing is compatible with a 96-well configuration 
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to provide compatibility with microplate readers and other standard instrumentation. The 

dimensions of each culture well (13mm wide × 7mm long × 6 mm high) were designed to 

accommodate small amounts of culture media (400 μL) in order to maximize the injected 

electrical charge per unit volume and facilitate studies which may require precious media 

supplements (e.g. patient serum, exosomes, growth factors and cytokines).

Mechanical characterization of pillars.—Flexible anchors (e.g pillars, posts, 

wires) provide passive tension for continuous mechanical strain and auxotonic tissue 

contraction8,12,14–19. We designed the pairs of pillars with a head diameter of 0.8 mm and 

stem length of 1.75 mm that were placed in a horizontal configuration at the bottom of each 

well to allow compaction of the tissues around the pillar heads and enable visualization of 

pillar deflection using an inverted microscope, to accurately calculate tissue force generation 

(Figure 2C–D). To our knowledge, this is the first use of horizontal pillars, which allow for 

observation of the tissues movement in two dimensions.

The mechanical properties of the PDMS pillars are sensitive to curing temperature, curing 

time, ratio of the base material and curing agent and the environmental temperature10. Using 

a microscale force transducer and linear actuator, we tracked the pillar movement and the 

force associated with deflection, as well as the pillar deflection at rest (Supplementary 

Figure S3A). The coefficient derived from linear regression of the force - displacement data 

allowed for direct calculations of active force and passive tension based on the displacement 

of the pillars by the cardiac tissues during contraction and rest. Among four independent 

experiments, the pillars exhibited linear elastic behavior (r2 = 0.834) over the 0–750 μm 

testing range (Figure 2E). The pillars exhibited no hysteresis, suggesting that both tissue 

contraction and relaxation can be evaluated with the same coefficient (Supplementary Figure 

S3B). Importantly, this feature suggests that the same coefficient can be used throughout the 

study and that longitudinal measurements of the same cardiac tissue can be taken over time 

without re-calibration.

As anticipated, there was some batch-to-batch variation of material properties 

(Supplementary Figure S3C). Ideally, a single batch of platforms should be fabricated at the 

same time for a set of experiments and used soon after fabrication to minimize variability.

Customized electrical stimulation apparatus

Many groups, including our own, have utilized electrical stimulation designed to mimic 

signals driving cardiac muscle contractions in the heart and have demonstrated improved 

cell-cell connectivity, alignment and overall tissue function9,12,23–25. In previous studies, 

we have evaluated and modeled the electric field stimulation used to facilitate cardiac 

tissue contractions and have shown that carbon is a superior material of choice26. Here, 

we built upon this model and designed the milliPillar electrodes with carbon rods (6.5mm 

long × 2mm wide × 1 mm high; 5 mm apart) to create a double bi-layer capacitor. We 

utilized pure carbon rods as an improvement over electrodes used in the past due to the 

elimination of resin, to obtain a more porous material with increased surface area and higher 

conductivity27.
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Electrical stimulation of engineered cardiac tissues requires expensive and specialized 

equipment, not commonly available in most laboratories. To overcome this barrier, we 

have built upon our previous work10 and developed an inexpensive, user-friendly, and easily 

customizable electrical stimulation device built from commercially available components 

and a circuit board (Figures 3A, B). The use of this custom stimulator allows for precise 

control and measurement of electrical stimulation at any point during tissue studies.

Customizable stimulation regimens.—Customizable stimulation regimens were used 

(i) to promote the maturation of tissues12,28, and (ii) for functional assessment to reduce 

variability between tissues with different spontaneous beating frequencies and measure 

tissue characteristics that require dynamic changes in beating frequencies, such as the force-

frequency response and frequency-dependent acceleration of relaxation (FDAR). The built-

in electrodes enabled real-time non-destructive functional characterization of the tissues at 

any point during culture without the need to transfer the tissues to external stimulation 

devices12.

The electrical stimulator has the capability to generate either biphasic or monophasic 

waveforms. In addition, we have incorporated a current and voltage measurement system 

to provide control over the stimulation regimen for the duration of tissue culture (Figure 

3B). Routinely, the voltage across and current running through a single tissue were measured 

during stimulation at 2.5V (generating a 5 V/cm electric field) and 2Hz with varying 2 

ms waveforms (Figure 3C). As expected, a monophasic wave maintained 2.5 V across the 

platform for 2 ms before returning to baseline, while the current density peaked at 30 

mA/mL and then decreased exponentially before returning to baseline at 2 ms, in accordance 

with the theoretical charging of a double bi-layer capacitor. A charge-matched biphasic 

wave maintained 2.5 V across the platform for 2 ms, followed by −2.5 V for 2 ms, before 

returning to baseline. The current density followed a similar pattern during monophasic 

stimulation, but with the current injected in both directions. Charge injection was calculated 

by integrating the injected current over time. A biphasic wave of 1 ms instead of 2 ms 

enhanced cardiac tissue function, potentially by reducing cell death mediated by reactive 

oxygen species (ROS)29. This improved tissue function could be due to the decrease in 

charge injected by a 1 ms biphasic wave.

The milliPillar stimulator was therefore programmed to electrically stimulate tissues with 

a 1 ms biphasic wave in long term cultures (Figure 3D). Further studies are warranted to 

determine the minimum amount of charge necessary to stimulate cardiac tissues for maximal 

functional enhancement and cardiomyocyte health.

Injected charge is controlled and varies with the number of wells in use.
—We have extensively validated the electrical stimulator to ensure that it can provide 

sufficient charge injection for the milliPillar platform as determined in previous studies27,29. 

The current across the platform depends on how many wells are in use. Also, there is 

an additional current running through the system, due to the decreased resistance from 

additional electrolyte to carbon surface area, at an average of 7.19 ± 0.29 nC per well per 

pulse (corresponding to 17.9 ± 0.7 nC/mL) according to the linear regression (r2 =0.99) of 

the injected charge vs the number of wells in use (Figure 3E). In line with these data, the 
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current normalized by the volume of electrolyte was not dependent on the number of wells 

in use (Figure 3F). Each channel on the stimulator can deliver a controlled charge for 4 

platforms (24 wells), maintaining an electric field of 5V/cm (Figure 3G).

Previous studies have shown that the injection of charge into the media containing multiple 

tissues makes it difficult to control the amount of charge that each tissue is exposed to12,25. 

As electrical stimulation generates oxidative stress within the cells, and at extremes can 

create Faradaic currents, it is important to control the injected charge in a manner that 

preserves the tissue health. The milliPillar platform allows for control over the amount of 

charge injected into each tissue well, to reproducibly expose each cardiac tissue to the same 

amount of electrical stimulation, and to detect more nuanced differences between tissues 

from different experimental groups.

Cardiac tissue assembly using a range of hydrogels, iPS lines and stromal cell sources

Engineered cardiac tissues were fabricated by mixing iPS-derived cardiomyocytes and 

cardiac fibroblasts into a hydrogel that was then cast into the platform wells. The area 

in which the cell-laden hydrogel was cast was designed to minimize the tissue size, 

requiring only 15 μL of hydrogel containing 550,000 cells. During the first 7 days, the 

cells extensively remodeled the hydrogel and formed compact tissues attached to the pillar 

heads. The milliPillar platform gives the user the option to use electrical stimulation to 

promote maturation of cardiac tissues. To evaluate the effect of sustained biphasic electrical 

stimulation, tissues were stimulated for 21 days with an intensity training regimen (“ramp 

stimulation”) as previously reported12. Further tissue remodeling and compaction were 

observed over the time of stimulation (Figure 4A), with a significant decrease in tissue width 

(0.67 mm ± 0.02 vs 0.52 mm ± 0.01, p <0.0001, Figure 4B).

It has previously been demonstrated that different hydrogel materials such as collagen, 

fibrin, and decellularized ECM can support functional cardiac tissue assembly12,30–34. 

Therefore, we sought to evaluate the versatility of the milliPillar platform by generating 

cardiac tissues using both collagen and fibrin hydrogels. In both collagen and fibrin, the 

cells remodeled the hydrogel and formed compact tissues with aligned cardiomyocytes, 

as observed by histological staining and immunofluorescence imaging (Figure 4C–D). 

Quantification of cellular alignment demonstrated that the fibrin hydrogel resulted in more 

cellular alignment than the collagen hydrogels (Figure 4E). High magnification imaging 

of milliPillar tissues fabricated with fibrin demonstrated the formation of pronounced 

sarcomeric α-actinin striations and cell alignment indicative of an improved contractile 

apparatus (Figure 4F).

The choices of iPS-cardiomyocyte lines, types of stromal cells, and ratios of cardiomyocytes 

to stromal cells differ between protocols. Our goal here was to develop a technology that is 

customizable and lends the researcher the high flexibility. We thus investigated the ability of 

the milliPillar platform to support tissue formation using various cell types. Functional tissue 

assembly was achieved using different iPS-cardiomyocyte lines (BS2, WTC11, and WTC11-

GCaMP6f) and different types of stromal cells (cardiac fibroblasts, iPS-cardiac fibroblasts, 

and dermal fibroblasts) (Supplementary Videos S1, S2 and S3). A previously optimized 
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concentration of 75% iPSC-cardiomyocytes to 25% cardiac fibroblasts was used, however, 

the ratios of iPSC-cardiomyocytes to other stromal cells may require further optimization.

To demonstrate the potential of the platform for use in long-term studies, we cultured 

milliPillar tissues for as long as 100 days. Immunofluorescence images revealed pronounced 

α-actinin striations in these long-term tissue cultures (Supplementary Figure S4A). We also 

explored the ventricular phenotype of the milliPillar tissues. As expected, MLC2v staining 

indicated that our culture conditions facilitated a ventricular cardiomyocyte phenotype 

(Supplementary Figure S4B). While further validation is required, atrial tissues could also be 

generated by incorporating cells from atrial cardiomyocyte differentiation protocols8,35.

Custom software and hardware for the functional analysis of cardiac tissues

Monitoring cardiac tissue functionality, non-invasively and over extended periods of time, 

is important to evaluate tissue response to pharmaceutical compounds and environmental 

signals, and to understand their development. Optical imaging provides an ideal solution 

since it is non-destructive and could be translated into absolute values of tissue outcomes. 

Automated data acquisition and streamlined analysis are also important for improving 

throughput and reducing user error.

To address these needs, we have developed a custom-built stimulator and software to 

control and synchronize video acquisition, electrical stimulation, and stage positioning using 

a standard laboratory microscope (Figure 5A). This set up facilitates the assessment of 

up to 24 tissues simultaneously. The milliPillar platform is complemented by a suite of 

customized software, based on established methodologies to analyze brightfield videos 

for measurements of force generation and tissue movement, and calcium imaging for 

measurements of calcium handling13,25,36. A summary of the metrics obtained using the 

custom milliPillar software is provided in Supplementary Figure S5.

Calcium transients directly affect tissue contraction, relaxation and arrhythmogenicity. 

Therefore, following dynamic changes in calcium handling is key for understanding tissue 

patho/physiology and responses to different conditions. Here, calcium transients were 

measured using cardiomyocytes differentiated from the iPS-GCaMP6f cell line that is 

genetically encoded with a calcium indicator to allow real-time readouts37. However, this 

cell line is not required, and a calcium dye could be used as well. Measurements of the 

fluorescent signals of the calcium indicator over time allow for the direct determination of 

calcium handling parameters.

By directly measuring the deflection of pillars calibrated using known bending coefficients, 

the milliPillar system enables calculation of absolute values of force generation, active 

force, and passive tension, rather than the relative approximations generated by some other 

systems12,38. This method facilitates assessment of contractile force normalized to the cross-

section of the tissue area (mN/mm2), which is becoming a requirement for various consortia 

and regulatory agencies.

Representative calcium and force transients recorded simultaneously at 0.5 Hz are shown in 

Figure 5B. Studies differ in the types of parameters extracted from calcium transients (e.g., 
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measurement of the contraction side of the calcium transient between 0–90%, 10–90%, or 

0–80%)36. We thus provide here the custom code so that the same metrics can be compared 

across groups.

A stimulation regimen was desined to allow extraction of excitation threshold (ET, minimum 

voltage required for tissues to capture at 1 Hz while stimulated at 1 Hz) maximum capture 

rate (MCR, maximum frequency at which the tissues capture when stimulated at 5 V), 

and post-rest potentiation (PRP, the maximum force generated by tissues upon stimulation 

after a period of exertion followed by rest) in a single automated recording from which 

the pillar movement, and thus the force generation, are extracted (Figure 5C). The details 

of this regimen and representative tissue recordings are provided in Supplementary Figure 

S6A. A representative video demonstrating accurate tracking of the pillar heads is provided 

in (Supplementary Video S4. Importantly, the analysis program can detect subtle changes 

in beating, eliminating the error and bias that may arise from attempting to make such 

determinations by eye.

Of note, the force generation by tissues within the milliPillar platform is not necessarily 

the at the maximum level achievable by the tissues, due to the Frank-Starling relationship 

between cardiomyocyte length and force generation39. The tissues were not stretched to their 

optimal relaxed length to maximize force generation, since the passive tension and stretch, 

which correlate to afterload in vivo, cannot be adjusted by the user. This is a trade-off to the 

ease of longitudinal real-time measurements. At the study endpoint, tissues can be removed 

from the platform and evaluated from standard force recordings in an organ bath.

Calcium dynamics can also be assessed at different stimulation frequencies (Figure 5D). 

Notably, calcium transient durations decreased with an increase in stimulation frequency. 

The versatility of the system to allow stimulation in a wide range of frequencies is important 

given the frequency dependence of cell phenotypes and drug responses. Such features may 

only become apparent during stimulation at frequencies that recapitulate bradycardia or 

tachycardia, emphasizing the importance of recording at dynamic frequencies.

The analysis suite can also be set to calculate the ET and MCR with brightfield 

or fluorescent imaging. We found that brightfield and fluorescent imaging showed no 

significant difference in assessing ET and MCR (Figure 5E). With our custom code, the ET 

and MCR are easier to analyze using calcium transients, due to the high signal to noise and 

ease of computation. It is important to note that blue light is phototoxic, and overexposure 

may lead to confounding effects. Since calcium transient features can only be calculated 

with fluorescent imaging, care must be taken to not overexpose tissues to blue light.

Cardiac tissue heterogeneity can be introduced at any of the steps; thus, baseline imaging 

is used to quality control the individual tissues to reduce variability. Depending on the 

question, any metric can be chosen for quality control (e.g. if calcium handling is of more 

interest the full width half max, FWHM, could be chosen; if force generation is of more 

interest PRP could be chosen). An example is the use of the full width 90 max (FW90M) for 

quality control, to identify and exclude the top 10% and bottom 10% of cardiac tissues, and 

thereby secure normal distribution of tissue functionality (Supplementary Figure S5C).

Tamargo et al. Page 8

ACS Biomater Sci Eng. Author manuscript; available in PMC 2022 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Electromechanical stimulation for enhanced cardiac tissue function

milliPillar provides the capability to enhance tissue function using a customized electrical 

stimulator. The stimulator can be used for any stimulation regimen; however, the ramp 

stimulation has been shown to enhance tissue functionality and maturation12, therefore we 

used this regimen and tracked the function of the milliPillar tissues over time, analyzing 

the tissues before and after 21 days of ramp stimulation. As the cells within tissues become 

electrically coupled, aligned, and beat in unison, they can generate more force perpendicular 

to the pillar axis.

As expected, milliPillar tissues showed increased force generation post-stimulation, with 

both 1 Hz force generation (3.22 ± 0.17 mN/mm2 vs 2.07 ± 0.25 mN/mm2, p<0.001, 

Supplementary Videos S5 and S6) and PRP (4.05 ± 0.14 mN/mm2 vs 2.11 ± 0.25 mN/

mm2, p<0.001) (Figure 6A). Additionally, as the electrical stimulation is maturing the 

cardiomyocytes, they approach higher contraction and relaxation velocities, as observed in 

vivo. Accordingly, the maximum values of contraction velocity (622 ± 94 μm/s vs 280 

± 4 μm/s, p<0.05) and relaxation velocity (911 ± 162 μm/s vs 263 ± 4 μm/s, p<0.01) 

also increased with electrical stimulation, demonstrating more mature and physiologically 

functional tissues (Figure 6B).

Dynamic frequency measurements allowed us to assess the force frequency response of 

cardiac tissues. As the stimulation frequency increases, the maximum force generation of 

each contraction also increases, demonstrating a positive FFR, a feature of mature cardiac 

tissue8,12,40,41. Our data demonstrate that milliPillar tissues before stimulation did not 

exhibit a positive FFR, and that by applying ramp stimulation we were able achieve a 

positive FFR, indicating improvement of their functional maturation (Figure 6C).

To evaluate the effect of electrical stimulation on tissue excitability and sensitivity, we 

measured the ET and MCR. As expected, milliPillar tissues exhibited a markedly lower ET 

after stimulation (1.9 ± 0.19 V vs 3.5 V, p <0.001), higher MCR (1.8 ± 0.12Hz vs 1.3 ± 0.12 

Hz, p<0.05) and higher maximum beating frequency (2.22 Hz vs 1.67 ± 0.08 Hz, p<0.001) 

(Figure 6D).

Mature ventricular cardiomyocytes exhibit short calcium transients as their sarcoplasmic 

reticulum is organized and saturated with ryanodine receptors and SERCA2A calcium 

channels. Mature sarcoplasmic reticulum is able to more rapidly release and uptake calcium 

during every beat42. In disease or in response to drugs, some or all of the calcium handling 

metrics (contraction, duration, relaxation) may be altered. Calcium handling is enhanced 

by electrical stimulation, as shown by decreases in contraction, duration, and relaxation: 

Contract 50 (0.13 ± 0.005 sec vs 0.186 ± 0.005 sec, p<0.01), Relax 50 (0.229 ± 0.008 sec 

vs 0.265 ± 0.006 sec, p<0.05), FWHM (0.36 ± 0.008 sec vs 0.45 ± 0.007 sec, p<0.01) 

(Figure 6E). The decrease in the time constant Tau (0.29 ± 0.009 sec vs 0.32 ± 0.006 sec) 

was not significant. Longer culture periods under electrical stimulation may lead to a further 

reduction in Tau.

Taken together, we have demonstrated that electromechanical stimulation in the milliPillar 

platform led to improved force generation, tissue excitability and calcium handling. We have 
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validated that the mechanical load applied by the milliPillar platform, electrical stimulation 

by the milliPillar stimulator, and real-time measurements at any point during the protocol 

allowed maturation of cardiac tissues and assess their function over time.

CONCLUSION

We describe the milliPillar platform, a robust and versatile technology that has been 

developed and validated to provide a streamlined pipeline for reproduction and utilization 

of engineered cardiac tissues for in vitro research. We have validated milliPillar’s ability 

to support functional cardiac tissue assembly using multiple cell lines, cell types and 

hydrogel materials, in long term cultures (up to 100 days). We characterized the amount 

of charge injected into each tissue for controlled stimulation leading to advanced maturation 

and function, and developed the hardware and software necessary for long term electrical 

stimulation and the functional real-time analysis of tissue function.

By integrating multiple steps required for successful cardiac tissue engineering studies, we 

believe that milliPillar can help overcome several of the challenges cardiac tissue models 

currently face. Our goal is to enhance reproducibility and data comparisons across different 

studies, and to facilitate adoption of cardiac tissue engineering for advanced basic and 

applied research.

MATERIALS AND METHODS

milliPillar platform design and fabrication

Platforms and molds were designed in SolidWorks (Dassault Systemes, Vélizy-Villacoublay, 

France). A computer numerical control (CNC) milling machine (Haas OM-2A 2015) was 

used to make a 3-part mold out of Delran to generate one platform (Supplementary Figure 

S1 and S2, design files provided in Supplementary File S1). The molds were deburred 

and subsequently cast with PDMS (SLYGARD 184 Silicone Elastomer Kit, Dow Chemical 

Company, cat. no. 2065622) three times to clear debris before the initial use. Before casting, 

the pillar spaces in the molds were cleaned with pressurized air to ensure clearing of the 

pilar space in the mold. Metal tools should not be used to avoid scratching.

To fabricate platforms, parts #1 and #2 were assembled and carbon rods (Ohio Carbon 

Blank, Squares & Plates, AR-14, Semi precision, Saw-Cut X=2.63 Y=0.0790 Z=0.0590) 

were placed into mold part #2. PDMS (10:1 ratio of base to curing agent) was mixed 

thoroughly, degassed, and cast into part #2. An additional degassing stage was performed for 

45 minutes, or until no more bubbles were visible. Next, the top of part #2 was covered with 

part #3. The assembled molds were then clamped (McMaster, low profile C-clamps, cat. no. 

1705A11) with the 1/4” × 4” hex standoff (McMaster, cat. no. 91780A060) in place, topped 

off with PDMS, and placed into a 65°C oven overnight for curing (Supplementary Figure 

S2, top panel).

Platforms were removed using a flat tool, by gently separating the sides of the platform 

from the mold until the platform slid out. PDMS was cut off the ends of the platform and 

the PDMS film on the rods within the wells was removed with forceps and a scalpel. A 
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1/32” hole was drilled into the ends of the rods. The platforms were sonicated with 1% 

Tween-20 in distilled water for 1 hr, rinsed thoroughly with distilled water and allowed to 

dry in a 65° C oven overnight. The slides were cut using a diamond tipped blade to 25 mm 

× 60 mm. Platforms were bonded to slides by 5 mBarr Oxygen Plasma treatment (Harrick 

Plasma, Plasma Cleaner Model PDC-001) for 30 sec. A platinum wire (Superpure Chemical, 

cat. no. 2805) was threaded through the drilled holes and wrapped around the carbon rods 

(Supplementary Figure S2, bottom panel).

Pillar Force-Displacement Analysis

The bending of the pillars was simulated with COMSOL Multiphysics (COMSOL, Inc., 

Stockholm, Sweden) to estimate the displacement of each portion of the pillars throughout a 

bending cycle. The force required to displace the pillars was determined using a microscale 

mechanical tester, Microtester MT-LT (CellScale, Ontario, Canada). A 0.4064mm diameter 

circular tungsten microbeam with platen (1mm × 1mm) was used to displace the pillar 

head. Before the test, the platform was fixed on the testing stage with clamps. The probe 

tip with platen was placed adjacent to the pillar head without contact and gradually moved 

towards the center of the platform at a velocity of 8.5 μm/s. The tip displaced the pillar 

head and applied the force perpendicular to the original pillar position. All platforms were 

fabricated according to the protocol mentioned previously. Four to six pillars were tested 

in each milliPillar platform and four batches of milliPillar platforms were included. The 

experimental data were fit into a linear equation, generating a force-displacement calibration 

curve with a coefficient that can be used to calculate active forces and passive tensions based 

on the position of the pillar head during the experiment.

Electrical stimulation

A custom electrical stimulator was designed to work within the Arduino software 

and hardware environment. Detailed schematics of the circuit, a full bill of materials, 

and computer aided design (CAD) files for the printed circuit board are provided in 

Supplementary File 2. Briefly, the circuit consists of an Arduino Uno Rev3 microcontroller 

development board (Arduino, cat. no. A000066), a digital potentiometer (Microchip 

Technology, cat. no. MCP42100-I/P), a power operational amplifier (Texas Instruments, 

cat. no. TLV4112IP), two dual channel H-bridge motor drivers (Pololu Robotics, cat. no. 

2135), and a series of 1 ohm test resistors. The microcontroller sets the stimulation voltage 

by adjusting the resistance of the digital potentiometer, which is placed between +5V and 

ground in the circuit. The wiper from the digital potentiometer connects to the power 

op-amp in a unity gain configuration such that the output of the op-amp maintains the 

specified voltage but with the capability to supply a much greater current (~300 mA). This 

output powers the motor drivers and provides the current for stimulation. Each motor driver 

channel is controlled by two digital outputs from the microcontroller using the driver’s 

PHASE/ENABLE mode to generate biphasic pulses at ± the specified stimulation voltage 

supplied to the drivers.

The frequency, duration, and phase offset of these pulses are specified in the Arduino 

code and can be easily customized. Monophasic stimulation can also be selected instead of 

biphasic. Each of the four output channels can operate independently at a unique frequency, 
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but all channels share a common output voltage (see readme file). Due to the incorporation 

of field-effect transistors within the motor drivers, there is a slight voltage drop across the 

motor drivers that varies in real-time with the output current. We recommend measuring the 

output voltage after connection to the platform and adjusting if necessary.

Cardiomyocyte differentiation

hiPSCs were obtained through material transfer agreements from B. Conklin, Gladstone 

Institutes (WTC11 and WTC11-GCaMP6f lines) and from the Stem Cell Core at Columbia 

University (BS2 line).

Cardiomyocytes were differentiated from all three iPSC lines as previously described43. 

On Day 10, RPMI-no glucose (Life Technologies, cat. no. 11879020) supplemented with 

B27 (Thermo Fisher Scientific, cat. no. 17504044) and 213 μg/mL ascorbic acid (Sigma-

Aldrich, cat. no. A445), was used to purify the iPSC-CMs population and eliminate potential 

contaminating mesodermal and endodermal populations. Starvation medium was replaced 

on day 13 with RPMI-B27 medium supplemented with 213 μg/ml ascorbic acid until day 16.

On day 17 cells were pretreated with rock-inhibitor (y-27632 dihydrochloride, 5 μM) for 4 

hours before dissociation. Cells were dissociated by enzyme digestion with collagenase type 

II (95 U/mL; Worthington, cat. no. LS004176) and pancreatin (0.6 mg/mL; Sigma–Aldrich, 

cat. no. P7545) in dissociation buffer (Glucose (5.5 mM), CaCl2·2H20 (1.8 mM), KCl (5.36 

mM), MgSO4·7H20 (0.81 mM), NaCl (0.1 M), NaHCO3 (0.44 mM), NaH2PO4 (0.9 mM)) 

on a shaker in a 37°C incubator. After 10 minutes, a 5 mL pipette (or cell scraper) can be 

used to gently triturate the cells and lift them off the plate. Cells were placed back in the 

incubator for 10 minutes until dissociated into single cells. With a 5mL pipette, the cardiac 

suspension was triturated and added to a 50mL conical tube. Cells were gently triturated 

again to form a homogenous suspension. One volume of RPMI-B27 media was added to the 

tube and the cells were spun down at 1200 RPM for 5 minutes.

Cell purity of at least 85% is required to ensure reproducibility. Flow cytometry for cTnT+ 

(BD BioSciences cat. no 565744) was performed prior to cell use for tissue fabrication. Cells 

can be frozen in freezing media (CryoStor CS10, Stem Cell Technologies, cat. no. 07955) at 

a concentration of 5–10 million/mL or used right away. If cells were thawed, medium was 

added dropwise for 60–90 seconds, filled to an appropriate volume, and then spun at room 

temperature at 100 × g. Cells were kept on ice for tissue making.

Fibroblasts

Primary Human cardiac fibroblasts (NHCF-V; Lonza, cat. no. CC-2904) and dermal 

fibroblasts (NHDFs; Lonza, cat. no. CC-2509) were cultured according to the 

manufacturer’s recommendation. iPS-CFs were differentiated according to previously 

described protocol22.
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Engineering and culture of cardiac tissues

Either thawed or fresh iPS-cardiomyocytes (75%) and fibroblasts (25%) were resuspended 

in RPMI-B27 medium to form a cell mixture. Precise cardiomyocyte purity was determined 

by flow cytometry for cTnT (BD BioSciences cat. no. 565744) to ensure ratio accuracy.

When fibrin was used to make tissues, the cell mixture was resuspended in fibrinogen by 

mixing 33 mg/mL human fibrinogen (Sigma-Aldrich, cat. no. F3879) with the cell solution 

to a final fibrinogen concentration of 5 mg/mL. The volume of each individual tissue was 

15 μL and it contained 550,000 cells (370,000 cells/μL). When calculating the amount of 

fibrinogen to add, the volume of the cell pellet and the volume of the thrombin solution is 

taken into account. 3 μL of thrombin (2U/mL) were added to each well. Following, 12 μL 

of fibrinogen-cells solution was dispensed and quickly spread over the entire well with a 

pipet tip. Tissues were placed in a 37°C incubator for 15–20 minutes to allow gelation in 

the well. If tissues in more than one platform were formed, fibrin-cell suspensions were kept 

homogenous by frequent mixing, without introducing bubbles. Pipette tips were replaced 

after seeding each tissue to prevent residual thrombin crosslinking with the fibrin-cell 

suspension.

When collagen gel was used, it was prepared according to the manufacturer’s protocol 

(Advanced Biomatrix, Cat. no. 5279) and mixed with cell mixture for a final concentration 

of 4 mg/mL Collagen. 15 μL of the cell-gel suspension were added to each well.

400 uL of RPMI-B27 with 213 μg/mL ascorbic acid, 10uM Rock inhibitor and 5 mg/mL 

6-aminocaproic acid (Sigma-Aldrich, cat. no. A7824, only necessary for fibrinogen tissues 

to prevent rapid degradation) was added to the wells. After 1 hour, a 26- gauge needle was 

used to detach tissues from the walls of the well. 24 hrs later, tissues were detached again 

and the medium was changed to RPMI-B27 with 213 μg/mL ascorbic acid and 5 mg/mL 

6-aminocaproic acid. The medium was changed every other day for 6 days.

On Day 7, 6-aminocaproic acid was removed from the medium and electrical stimulation 

was started with the stimulator using a 5V/cm biphasic pulse (2ms pulse length, 1 ms per 

phase) at 2Hz. Tissues were either paced at 2Hz continuously or following the previously 

reported ramp stimulation regimen12. During the ramp stimulation regimen, the frequency 

started at 2 Hz and was increased everyday by ⅓ Hz until reaching 6Hz. 6Hz stimulation 

was maintained for three days, after which stimulation frequency was reduced to 2Hz and 

maintained until endpoint analysis at day 21. This code is made available in Supplementary 

File 3. Stimulation voltage and pulse duration were not modified during the stimulation 

regimen. Medium was changed every other day.

Histology and immunostaining

Whole mount engineered cardiac tissues were fixed and permeabilized in 100% ice cold 

methanol for 10 min, washed three times in PBSX1, and then blocked for 1 hr at room 

temperature in PBSX1 with 2% fetal bovine serum (FBS). For tissue sections, tissues were 

fixed in 4% paraformaldehyde (PFA) for 30 min and washed three times in PBSX1. Whole 

tissues were placed at the bottom of 15mm square disposable histology base molds and 

encapsulated in 1 mL molten Histogel (Fisher Scientific, cat. no. 22–110-678). Histogel 
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blocks were cooled according to the manufacturer’s protocol and then fixed with 4% PFA 

for 30 minutes followed by three washes with PBSX1.

Fixed Histogel blocks were paraffin-embedded and cut into 5 μm -thick sections. Paraffin 

sections underwent heat mediated antigen retrieval in a pH 6 sodium citrate buffer, 

permeabilized with 0.01% triton in PBSX1 and then placed into the blocking buffer using 

10% FBS. After blocking, the tissues were incubated with primary mouse anti–α-sarcomeric 

actinin antibody (1:750, Sigma-Aldrich, cat. no. A7811), anti-cardiac troponin T (cTnT, 

1:100; Thermo Fisher Scientific, cat. no. MS-295-P1), and vimentin (Abcam, cat. no. 

ab24525) washed three times, and incubated for 1 hr with secondary antibodies (Millipore 

Sigma, cat. no. AP194C; Thermo Fischer, cat. no. A-21206; Thermo Fischer, cat. no. 

A31571). For nuclei detection, the tissues were washed and subsequently incubated with 

NucBlue (Thermo Fisher, cat. no. R37606). Samples were visualized using a scanning laser 

confocal microscope (Nikon Eclipse Ti) or a DMi8 microscope (Leica Microsystems)

Calcium imaging

To make tissues with an endogenous marker of cytosolic calcium, we used WTC11-

GCaMP6f iPSCs that contain a constitutively expressed GCaMP6f calcium-responsive 

fluorescent protein inserted into a single allele of the AAVS1 safe harbor locus44. The 

incorporation of these GCaMP6f cells allows real-time visualization of calcium transients 

without the need for additional dyes. Tissues were imaged in a live-cell chamber (STX 

Temp & CO2 Stage Top Incubator, Tokai Hit, Fujinomiya, Japan) using a sCMOS camera 

(Zyla 4.2, Andor Technology) connected to an inverted fluorescence microscope with a 

standard GFP filter set (Olympus IX-81). To assess calcium transients in tissues made with 

non-GCaMP cell lines, cardiac tissues can be incubated with 10 μM fluo-4 AM (Invitrogen, 

cat. no. F14201) and 0.1% Pluronic F-127 (Sigma-Aldrich, cat. no. P2443) for 45 min at 37 

°C.

Tissues were stimulated once with the analysis stimulation regimen to get acclimated for 

measurement. Tissues were then electrically stimulated, and videos were acquired at 20 

frames per second (fps) for 4600 frames (the first 4600 frames described in Supplementary 

Figure S6A) to measure ET/MCR or 300 frames (stimulated at 1 Hz) to measure calcium 

flux. 1Hz stimulation calcium parameters may be pulled from the ET/MCR stimulation 

code, but parameters extracted from different stimulation regiments are not compared (i.e. a 

tissue stimulated for 4600 frames vs 300 frames will behave differently enough to confound 

results).

Brightfield imaging

Cardiac tissues were stimulated once with the ET, MCR-FFR custom program to acclimate 

all tissues for measurement. Videos were then acquired at 20 fps for 4800 frames using a 

custom program to stimulate cardiac tissues from 0.5 Hz to 4 Hz. The stimulation regimen 

begins by recording the spontaneous beating activity, followed by 1Hz stimulation at 5 V to 

measure the ET. The stimulation voltage drops by 0.5 V every 5 seconds so that the analysis 

program can determine ET as the voltage at which the tissue stops responding to stimulation. 

For the MCR and FFR, the voltage was fixed at 5V and the stimulation frequency was 
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increased in 0.5 Hz increments every 20 seconds. The program determines the MCR as 

the frequency at which the tissue stops contracting with every stimulus. To measure PRP, 

the stimulation was paused for 20 seconds after the MCR/FFR frequency ramp (ending at 

maximum frequency of 4 Hz) and then resumed at 1 Hz. The PRP is determined as the force 

generated by the first beat upon the resumption of stimulation.

Calcium Signals

Calcium signals were analyzed from calcium imaging videos recorded at 20 fps. A custom 

Python script was developed to average the pixel intensities for each frame. This transient 

was then corrected for fluorescent decay. The SDRR, Tau, FWHM, FW90M, Contract 90, 

Contract 50, Relax 50, and the Relax 90 were calculated for every transient (Supplementary 

Figure S5B). An average of every transient over 15 seconds was calculated and exported 

into a table. When calculating ET and MCR, the custom program provides traces for 

each stimulation frequency and determines when tissues begin to beat out of sync from 

stimulation. Manual inspection of each trace is recommended due to the sensitivity of the 

program to cardiac tissue abnormalities (spiral waves, etc.).

Force Generation

Force generation was analyzed from brightfield videos. A custom Python script was 

developed to track the motion of the pillar heads and to calculate the force by multiplying 

the displacement of the pillars with the coefficient determined from the force-displacement 

calibration curve generated for the pillars. This script uses the correlation tracker class from 

the dlib C++ library (https://github.com/davisking/dlib)45 to determine the location of the 

pillar heads in each frame based on initial bounding boxes placed around the pillar heads 

in the first frame by the user. The script uses the location of the pillar heads to determine 

the total deflection of the pillar from their equilibrium position without any force applied. 

The dlib correlation tracker is based on a previously published object-tracking algorithm that 

uses a cosine correlation filter applied to a histogram of ordered gradients (HOG) feature 

descriptor for each frame in the recording46.

Statistical Analysis

Statistical analyses were performed using GraphPad prism. Single comparisons of data were 

assumed to follow a normal distribution and assessed using a one or two-tailed paired 

Student’s t-test to determine statistical significance. A p-value of <0.05 was considered 

statistically significant. *P<0.05, **p<0.01, *** p<0.001, ****p<0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DATA AND MATERIAL AVAILABILITY

The most up to date version of our custom software can be found on our GITHUB: https://

github.com/GVNLab. CAD files can be found in the supplementary material of this paper 

and on our Tissue Engineering Resource Center website (TERC) (www.nextgenterc.com/).
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Figure 1. The milliPillar pipeline for engineered cardiac tissue fabrication and assessment.
Step I: Preparation of the platform, cells, and hydrogel. Step II: Encapsulation of 

cardiomyocytes and stromal cells into a hydrogel, seeding tissues, and maturation of cardiac 

tissues by electromechanical stimulation. Step III: Automated analysis assessing cardiac 

tissue function using brightfield and calcium imaging.
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Figure 2. milliPillar platform fabrication and mechanical characterization.
(A) Schematics of the milliPillar platform fabrication. (B) top and side views of the 

milliPillar platform. (C) Single well and pillar dimensions. (D) Modeling of pillar 

deflection. (F) Force vs displacement curves of platforms from 4 different fabrication 

batches.
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Figure 3. milliPillar custom electrical stimulation apparatus and validation.
(A) Schematics of the custom electrical stimulator. (B) CAD rendering of the printed circuit 

board designed for the stimulator (left) and the assembled circuit connected to the Arduino 

development board (right). The connectors for measuring current across a series of test 

resistors are highlighted in red. (C) Representative measurements of voltage (left) and 

current density (right) for a single platform stimulated with 1 ms monophasic, 1 ms biphasic, 

and 2 ms biphasic waveforms. (D) Quantification of the charge density injected by these 

three waveforms. (E) Injected charge as a function of the number of wells connected to 
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the stimulator, demonstrating a linear relationship through at least 24 wells. (F-G) Injected 

current density as a function of time measured through differing numbers of wells (F) and 

platforms (G), demonstrating consistency across these conditions.

Tamargo et al. Page 23

ACS Biomater Sci Eng. Author manuscript; available in PMC 2022 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Generation of cardiac tissues.
(A) Representative brightfield images of millPillar tissues immediately after seeding into 

the platform (Day 0), before electrical stimulation (day 7) and at the end of 21 days of 

ramp electrical stimulation (day 28). (B) Impact of culture period and electrical stimulation 

on milliPillar tissue width before and after electrical stimulation. Representative images 

of (C) Hematoxylin and Eosin (H&E) staining and (D) immunostaining for troponin-T 

(green), vimentin (magenta) and nuclei (blue) staining of milliPillar tissues formed using 

collagen and fibrin hydrogels and electrically stimulated for 21 days (scale bar, 500 

μm). (E) Quantification of iPS-cardiomyocytes alignment in collagen and fibrin tissues. 

(F) Representative confocal images of fibrin tissues electrically stimulated with ramp 

stimulation regimen and immunostained for sarcomeric α-actinin (magenta), and nuclei 

(blue).
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Figure 5. Custom software and hardware for functional analysis of cardiac tissues.
(A) Overview of the system that enables simultaneous and automated tissue stimulation, 

microscopy video recordings, and microscope stage movement between multiple tissues 

in the XY axes. (B) Representative traces of calcium signal and force generation of 

milliPillar tissues stimulated at 0.5 Hz of which absolute force and time measurements 

are extracted. (C) Representative trace of milliPillar tissues in response to the combined 

custom stimulation regimen that enables the measurement of ET, MCR, maximum beating 

frequency, force generation, contraction and relaxation velocity, and the characterization 

of FFR. (D) Representative measurements of calcium handling parameters (Tau, FWHM, 
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Contract 50, Relax 50, FW90M, Contract 90, and Relax 90) across varying stimulation 

frequencies. (E) ET and (F) MCR measurements extracted from brightfield (BF) and 

calcium imaging (CI) videos demonstrate similar values.
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Figure 6. Engineered cardiac tissues fabricated and cultured within the milliPillar platform 
exhibit enhanced tissue function after 21 days of electrical ramp stimulation.
(A) Ramp stimulation led to enhanced force generation measured at 1 Hz stimulation and 

PRP. (B) Contraction and relaxation velocities increased after electrical stimulation. (C) 

Positive FFR was observed in tissues after electrical stimulation. (D) Tissue excitability 

was enhanced after electrical stimulation. (E) Calcium transient durations decreased after 

electrical stimulation.
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