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Abstract

Animal models and traditional cell cultures are essential tools for drug development. However, 

these platforms can show striking discrepancies in efficacy and side effects when compared to 

human trials. These differences can lengthen the drug development process and even lead to 

drug withdrawal from the market. The establishment of preclinical drug screening platforms that 

have higher relevancy to physiological conditions is desirable to facilitate drug development. 

Here, a heart-on-a-chip platform, incorporating microgrooves and electrical pulse stimulations 

to recapitulate the well-aligned structure and synchronous beating of cardiomyocytes (CMs) for 

drug screening, is reported. Each chip is made with facile lithographic and laser-cutting processes 

that can be easily scaled up to high-throughput format. The maturation and phenotypic changes 

of CMs cultured on the heart-on-a-chip is validated and it can be treated with various drugs 

to evaluate cardiotoxicity and cardioprotective efficacy. The heart-on-a-chip can provide a high­

throughput drug screening platform in preclinical drug development.
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1. Introduction

The path from drug discovery to commercialization is challenging and requires a massive 

investment of time and money. A significant portion of this investment is lost in the 

failure to recognize severe drug-induced toxicities or poor efficacies in preclinical models.[1] 

Organ-on-a-chip systems have recently been developed for a variety of tissues and have 

gained extensive attention for improving the drug discovery process. These systems promise 

to be more accurate reflections of human physiology by recreating the tissue structure 

and environment in a miniaturized chip.[2,3] The development of these micro-physiological 

systems has leveraged advances in microfabrication to create advanced in vitro systems.[4] 

These systems have been developed for an array of organs, including the liver,[5] heart,
[6] lung,[7] kidney,[8] and immune systems,[9] which could play crucial roles in the drug 

development process.[10,11]

The human heart continuously circulates blood through the vascular network to deliver 

nutrients and oxygen throughout the body. However, its central function also leaves 

the organ vulnerable to dangers from a variety of medical treatments. For instance, 

various Food and Drug Administration (FDA)-approved drugs have been withdrawn due to 

cardiotoxicity, such as dexfenfluramine for antiobesity treatment and dextro-propoxyphene 

for pain relief.[12] In addition, some anticancer treatments such as chemotherapy[13] 

and immunotherapy[14] can cause life-threatening heart damage or dysfunction that end 

their further administrations among certain patients.[15,16] Therefore, accurate preclinical 

evaluation of drug-associated cardiotoxicity or cardioprotective efficacy can expedite the 

drug development process and minimize the misallocation of resources for a wide range of 

drug candidates.[17]

Native cardiac tissue is mainly composed of highly organized cardiomyocytes (CMs) that 

beat synchronously.[18,19] The macroscale tissue-level behavior is crucial in differentiating 

them from cells cultured for conventional in vitro assays.[20] To close the gap 

between in vivo and in vitro models, various strategies have been implemented to 

recreate physiologically more relevant tissues in vitro.[21–23] For instance, bioinspired 

microstructures have been generated from extracellular matrix-mimicking hydrogel to guide 

the alignment of CMs.[21] To recapitulate the electrophysiological behavior of the CMs, 

conductive hydrogel-based scaffolds have been developed to provide an electroconductive 

microenvironment through the cells.[22] However, the conductive additives have been added 

in low concentrations and can generally lead to weak and asynchronous beating of CMs. 

Electrical field-based stimulation can also lead to enhanced CMs maturation and beating 

performance while dimensions of the in vitro model can be limited by the design of 

electrode.[23] To meet the need of screening cardiotoxicity of drugs, it is desirable to build in 

vitro cardiac tissue models that can enable high-throughput testing of “cardiac safety index” 

associated with cardiotoxic and cardioprotective drugs.[13]
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With the goal of creating a heart-mimicking high-throughput drug screening platform 

for cardiotoxicity, we aimed to design and develop a heart-on-a-chip platform with the 

following features: 1) facile fabrication, 2) controllable formation and maturation of cardiac 

tissues, and 3) scalable capacity for screening multiple drug dosages and candidates. 

The heart-on-a-chip is designed with polydimethylsiloxane (PDMS)-based micro-grooved 

structures (MGs) in each polymethyl methacrylate (PMMA)-based cell culture chamber, 

and assembled atop a comb-patterned gold electrode array for electrical stimulation 

(Figure 1A). The heart-on-a-chip promotes CM maturation by creating a biomimetic 

microenvironment in each chamber (Figure 1B) and it can be further used for drug screening 

(Figure 1C). To demonstrate the versatility of the heart-on-a-chip in studying cardiotoxic 

and cardioprotective efficacies, we choose clinically approved doxorubicin (DOX) and 

cyclophosphamide (CP) as model drugs to examine dose-dependent cardiotoxicity, and 

ivabradine (IVA) and carbachol (CAR) as candidates for ameliorating cardiotoxicity.

2. Results and Discussions

2.1. Design and Fabrication of Heart-on-a-Chip

The heart-on-a-chip was fabricated using standard microfabrication strategies that enable 

facile scaling with minimal batch-to-batch variability. The heart-on-a-chip cell culture 

chamber was produced by laser cutting of PMMA to have 15 chambers and each chamber 

is ≈6 mm in height, ≈8 mm in width, and ≈11 mm in length. The compartmentalized 

design enabled testing of various drugs simultaneously on a single chip (Figure 1A). 

Laser cutting can easily generate diverse designs, which provide high flexibility in the 

number of samples to be tested in one run. Such versatility can be compatible with 

the commercial well-plate settings, which could be potentially compatible with current 

plate-reading equipment. The comb-patterned electrode was fabricated by an Au deposition 

method described previously[24] and integrated together with the PMMA chamber and 

PDMS MGs to establish an all-in-one heart-on-a-chip platform. Au was selected as the 

electrode material based on its excellent biocompatibility and conductivity. CMs were 

seeded into MGs embedded cell chambers for two days to adhere. Based on the reported 

electrical stimulation parameters,[23,25] 5 V cm−1 is sufficient for the stimulation of CMs and 

thus we applied pulsatile electrical field (biphasic, rectangular, 1 ms duration, 3.3 Hz, ±2 V) 

based on the distance between two parallel electrodes (0.4 cm). We further computationally 

simulated pulsatile electrical field in the device and electric field over the MG was found to 

be ≈5 V cm−1 (Figure 1B). We selected 3.3 Hz as the electrical stimulation frequency based 

on the report that stimulation at the natural heart beating rate of the neonatal rat (276 ± 74 

beats per minute) can enhance CMs maturation.[26] The electrical stimulation started on Day 

3 and lasted for one day to form the cardiac tissue samples for further characterizations or 

screening of drug candidates (Day 4). PDMS, a robust and biocompatible material, was used 

to generate MGs-patterned substrates through molding to replicate the microscale grooves 

to encourage CM alignment.[27] It is also an optically transparent material, facilitating 

microscope imaging.[28] In addition, PDMS was selected instead of a hydrogel because 

PDMS can achieve microscale patterns with high resolution. In addition, compared to a 

hydrogel, PDMS has negligible swelling and low absorption of hydrophilic drugs, which are 

desirable features for drug screening.[28,29] The height of each MG is ≈8 μm and different 
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widths and spacings (25 μm width and 25 μm spacing, 35 μm width and 35 μm spacing, 25 

μm width and 35 μm spacing, and 35 μm width and 25 μm spacing) of MGs were produced 

(Figure 1B; Figure S1A, Supporting Information) for optimization. 25 μm width and 25 μm 

spacing was selected for further study due to its enhanced lamella cardiac tissue formation 

(Figure 2A; Figure S1B, Supporting Information).

2.2. Characterization of CM Phenotype and Beating Behavior

We further characterized the phenotypic features of CMs cultured on the heart-on-a­

chip. The MGs structure controlled the directionality of seeded CMs and improved the 

organization of contractile protein α-actinin (Figure 2A),[27] while stimulated CMs showed 

significantly enhanced α-actinin expression. Quantification of green fluorescence intensity 

(α-actinin) along the white dashed lines in Figure 2A confirmed the increased expression of 

α-actinin under the stimulated conditions (Figure 2B).[30] Additionally, the MGs enhanced 

CMs nucleus alignment as nearly 40% of CMs nuclei aligned parallel (0°) to the MGs while 

CMs cultured on flat PDMS mostly pointed to random directions (Figure 2C,D).[23] The 

width and spacing of MGs are optimized in the range of 25 to 35 μm based on the diameter 

of CMs (≈25 μm).[27] We examined various width and spacing combinations (25 μm width 

and 25 μm spacing, 35 μm width and 35 μm spacing, 25 μm width and 35 μm spacing, 

and 35 μm width and 25 μm spacing) based on their confinement effect to CMs (Figure S1, 

Supporting Information). We found that the one with 25 μm width and 25 μm spacing had 

the most significant effect in orienting the CMs (Figure 2C,D). The enhanced directionlity 

was mainly resulting from the MGs, while electrical stimulation slightly aligned the CMs 

in a cluster like manner.[24,27] Therefore, MGs could facilitate the formation of lamellar 

structured cardiac tissue. Furthermore, as an indicator of CMs maturation, we characterized 

the nucleus elongation by analyzing the aspect ratio of the nucleus. Notably, the MGs led to 

the appearance of nuclei with larger aspect ratios (ranging from 1.1 to 3.5), while electrical 

stimulation did not significantly elongate the nucleus (ranging from 1 to 2.4) (Figure 2E). 

This could be the influence from the confinement of MGs structure. Together, the MGs and 

stimulated condition led to more mature and highly aligned CMs within each cell culture 

chamber.

Apart from lamellar alignment of CMs, beating behavior is another crucial factor. Compared 

to the control (flat PDMS + nonstimulated) (Video S1, Supporting Information), MGs 

contributed to the lamellar alignment (Video S2, Supporting Information) and electrical 

stimulation contributed to the synchronous beating (Video S3, Supporting Information). 

Lamellar structured CMs appeared to beat synchronously in the presence of both MGs 

and electrical stimulation (Video S4, Supporting Information). As shown in Figure S2 of 

the Supporting Information, electrical stimulation (with or without MGs) could induce 

the rhythmic change in displacement over the monitoring period. Combined with MGs, 

CMs could beat synchronously while the flat PDMS + nonstimulated group exhibited 

nonsynchronous beating. Intrinsically, phenotypic changes in the CMs paved the basis 

for the synchronous beating behavior with Connexin 43 (CX43) expression localized 

to the cell surface instead of surrounding the nucleus as indicated by white arrows in 

Figure 3A, which was mostly due to direct electrical stimulation. Notably, with the help 

of MGs, CX43 expression was perpendicular to the direction of MGs and indicated 
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isotropic synchronous beating behavior.[31] Furthermore, the maturity of the CMs was 

verified by Myosin Light Chain 2 (MLC2) staining (Figure 3B), where both MGs and 

stimulated conditions enhanced the maturation of CMs showing significantly increased 

MLC2 expression.[31] Most CMs attached to the substrate on Day 3 and then the electrical 

stimulation was initiated. One day of electrical stimulation can increase the maturation 

of CMs as evidenced by enhanced MLC2 expression (Figure 3B) and as shown in other 

works.[6,27] The electrical stimulation was maintained during the tissue exposure to the 

drugs (Days 4–5). Both MLC2 fluorescence intensity analysis and quantitative reverse 

transcription PCR (RT-qPCR) test (Figure S3A,B, Supporting Information) validated that the 

combined effects of MGs and electrical stimulation lead to enhanced expression of MLC2, 

indicating the enhanced maturation of CMs. In addition, benefiting from the combined 

effects, CX43 expressions migrated from the nuclei to cell membranes of CMs and it 

also exhibited increased expression as evidenced by RT-qPCR (Figure S3C, Supporting 

Information).[20] Furthermore, the beating behavior of the CMs under the presence of 

stimulated conditions was stronger as evidenced by larger displacement change of the cells 

compared to nonstimulated group (Figure 3C). In addition, the beating rate was lowered 

probably due to the stronger beating behavior (Figure 3D). In summary, the heart-on-a-chip 

facilitated stronger and unidirectional beating of CMs that more closely represented in vivo 

physiology than standard 2D culture.

2.3. Cardiotoxicity of Anticancer Drugs on the Heart-on-a-Chip

To demonstrate the applicability of the developed heart-on-a-chip for drug screening, 

we first selected two frequently used anticancer drugs (DOX and CP) to examine 

their cardiotoxicity on the heart-on-a-chip. Cardiac dysfunction is a common adverse 

effect of clinically approved chemotherapy and immunotherapy regimens.[32] It has been 

demonstrated that both DOX and CP can induce severe heart damage in which patients with 

normal cardiac function can suffer from lethal cardiac complications in a dose-dependent 

manner.[33] Failure to mimic the basic physiological features of cardiac tissue can lead 

to inaccurate interpretations of dose-induced cardiotoxicity in vitro. We first screened the 

potent chemotherapeutic drug DOX, which has documented severe cardiotoxicity among 

patients.[33] The timeline of cardiotoxicity evaluations enabled by heart-on-a-chip was 

shown in Figure 4A, where predetermined drug regimens were added into cell culture 

chamber on Day 4 after the formation of more matured cardiac testing samples. Compared 

to traditional 2D well plate-based in vitro assays, mature cardiac tissues in the heart­

on-a-chip demonstrated an increased sensitivity to DOX-induced toxicity (Figure 4B). 

Quantitative analysis of cell viability by Cell Counting Kit-8 (CCK-8) (Figure 4C) showed 

consistent results. More significantly, a clinically relevant indicator, secretion of lactate 

dehydrogenase (LDH),[34] indicated higher percentage of CMs dysfunction in the heart-on­

a-chip compared to the control well plate group under increasing DOX doses (Figure 4D). 

Similar discrepancies between the heart-on-a-chip and well plate group were also observed 

in the CP screening, in which increased damage was found in the heart-on-a-chip with lower 

viability and increased release of LDH (Figure S4, Supporting Information).

Furthermore, one common side effect of DOX treatment is increased heart rate.[35] As 

shown in Figure 4E, this aspect was not observed in the control group, where beating 
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frequency severely diminished starting from even the lowest dosage. Most cells died in 

the control group and the remaining live cells were beating at random asynchronous rates. 

However, more rhythmic beating behavior was observed in CMs cultured on the heart-on-a­

chip and this behavior was maintained with the increasing DOX dosage up to 1.1 × 10−6 

m (≈60 beats min−1) even though cell viability was only around 40%. The beating halted 

with a further increase in DOX concentration due to complete dysfunction and/or death 

of the CMs. Similarly, clinical manifestations of CP-induced cardiotoxicity often include 

tachyarrhythmias with changes in the rate of heart beat.[36] As shown in Figure S4E of 

the Supporting Information, the increasing frequency of heart beats was notably recaptured 

at lower dosage range (from 3.7 × 10−6 to 11 × 10−6 m) on the heart-on-a-chip while 

heart beats in the control group exhibited final increase at 300 × 10−6 m. The clinically 

relevant manifestations were demonstrated in the heart-on-a-chip group and they could be 

the result of the enhanced maturation of CMs in the heart-on-a-chip. The dose-specific 

balance between anticancer efficacy and severe heart damage should be studied prior to 

drug administration and, with platforms like ours, promisingly on an individual patient basis. 

The traditional strategy for determining the safety range of an anticancer agent might give 

inaccurate information because of the distinct cell behavior of mature tissue that cannot be 

recreated by traditional in vitro models. The ability to recapture several clinical cardiotoxic 

manifestations in the heart-on-a-chip also makes it suitable for drug response predictions 

and provides a platform to study clinically applicable combination therapies for ameliorating 

cardiotoxicity by coadministering cardioprotective therapeutics.

2.4. Cardioprotective Efficacy Study on the Heart-on-a-Chip

To repurpose cardioprotective agents as potential combination therapies for anticancer 

treatment, we examined CAR and IVA on the heart-on-a-chip. IVA is an FDA-approved 

therapy for heart failure, while CAR has been developed as an intraocular solution for 

glaucoma.[6,37] Both drugs have been studied for their potential to be repurposed as 

ameliorative agents for anticancer drugs but have not gained FDA approval for such 

indications.[36] Both CAR and IVA exhibited no cardiotoxicity and can efficiently decrease 

heart beating rates in a dose-dependent manner (Figure S5, Supporting Information). Here, 

we tested their cardioprotective efficacy in anticancer combination therapies on the heart-on­

a-chip. As a broad-spectrum anthracycline anticancer drug, cardiomyopathy is one of the 

most severe side effects of DOX treatment and has a limited number of options to remediate 

its effects. Based on our previous data, DOX dosage was applied at a concentration of 1.1 

× 10−6 m because the cells showed reduced viability (≈40%) while still maintaining beating 

behavior (≈60 beats min−1) on the heart-on-a-chip. We first evaluated CAR for their efficacy 

at ameliorating the cytotoxicity of DOX (Figure 5A). By increasing the dosage of CAR from 

0 to 10 × 10−6 m, CMs on the heart-on-a-chip showed a significantly greater response to 

the protective agents compared with the control groups as shown in Figure 5B. In addition, 

quantitative analysis by CCK-8 and LDH assay also corresponded to this trend (Figure 

5C,D). Notably, CAR exhibited effective decrease of heat beating rate (Figure 5E). Although 

the protective effect was observed in both groups, the drugs rendered a greater impact in 

the heart-on-a-chip, indicating that the maturity of the microtissue may enhance the drug 

efficacy. Next, we screened the efficacy of IVA in the similar regimens combined with 

DOX (Figure 6A). In terms of CM viability, IVA exhibited a similar trend as CAR where 
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cardioprotective effect was more drastically demonstrated on the heart-on-a-chip group but 

not the well plate group (Figure 6B–D). However, CAR treatment on the heart-on-a-chip 

demonstrated greater potency in decreasing beating rate compared to IVA (Figure 6E). 

Drug repurposing is currently under extensive research and our results indicated that CAR 

outperformed IVA in ameliorating DOX-induced elevation in beating rates, which may give 

insight on screening existing compounds for new treatments.

Combinations of anticancer and cardioprotective agents are commonly coadministrated in 

the clinical setting to reduce life-threatening adverse effects associated with heart damage 

while maintaining antitumor efficacy.[36,38] Our heart-on-a-chip platform corroborated the 

efficacy of potential cardioprotective drug candidates and demonstrated a differential drug 

response compared to traditional in vitro assays in terms of cell viability and beating rate. 

Based on the greater maturity of the cardiac tissue-like constructs, we believe that the results 

from the heart-on-a-chip more closely resemble the clinical efficacy. Other studies have 

designed heart-on-a-chip systems for screening a variety of drugs. However, they generally 

fail to recapture either the alignment or synchronous beating of CMs.[39] Integration of 

both characteristics of cardiac microtissues would be desirable for drug screening.[23] High­

throughput screening is an important feature for drug development platforms, which is 

mostly limited to traditional 2D cultures.[13] Multiple clinical trials are ongoing to test a 

variety of drug candidates to ameliorate cardiotoxicity. Our platform is suitable to meet 

the increasing demand for testing a wide range of candidates by housing a physiologically 

relevant tissue to yield more accurate drug response evaluations. In addition, the whole drug 

screening process from CMs seeding and cardiac-tissue formation to final drug response 

monitoring takes 5 days, which could be suitable for a rapid drug screening timeframe in 

industrial and clinical settings.

In this study, we developed a heart-on-a-chip device that is integrated with both MG 

structures and gold electrodes. The synergistic effects of MGs and electrical stimulation 

could induce the formation of well-aligned cardiac microtissues that beat synchronously. 

Specifically, our culturing process only requires the direct seeding of CMs without further 

manipulations, such as mixing with a hydrogel-based matrix.[40,41] In addition, the process 

of generating CMs with synchronized beating takes only 3 days, and the entire drug 

screening process takes 5 days. The process fits rapid drug screening for preclinical 

applications.[42] Furthermore, our platform is scalable because of using comb-structured 

electrodes and cell culture chambers with tunable sizes and shapes. The comb-structured 

electrode array only requires one connection per chip,[43] and facile laser cutting could 

produce cell culture chambers with various sizes and designs.[44]

3. Conclusions

In summary, we have developed a heart-on-a-chip device that is designed with both 

MG structures and embedded electrodes to culture mature cardiac microtissues. We 

manufactured the system with facile microfabrication processes that can be easily scaled 

up. These advantages are desirable for single drug or combinational therapy development in 

the preclinical settings as they can effectively screen large drug panels in a relatively short 

timeframe. Although we optimized the device specifically for rat CMs, the physical features 
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(MG parameters) and electrical stimulation parameters of the device can be easily adjusted 

to meet the requirements of different cell sources or cell types. Patient-derived cells and 

myocytes from other tissues, such as skeletal muscle cells, can also be incorporated. The 

ability to generate mature phenotypes of cardiac tissues and the modularity of the heart-on­

a-chip are its major advantages that make it applicable as a preclinical drug screening tool. 

Its ease of use and capability to yield more relevant information on drug response make it a 

powerful tool in rapid drug development.

4. Experimental Section

Materials:

All reagents and chemicals were obtained from Sigma-Aldrich unless stated otherwise. 

Tissue culture plastics were obtained from Fisher Scientific. Cell culture reagents and 

media were bought from Gibco. DOX and CP were obtained from Oakwood Products, 

Anti-CX43 antibody (ab11370), anti-α-Actinin antibody (ab210557), anti-Cardiac Troponin 

T (cTnT) antibody (ab8295), anti-MLC2 antibody (ab79935), Alexa Fluor 488 antibody 

(ab150081), Apoptosis/Necrosis Assay Kit (blue, green, red) (ab176749), and LDH Assay 

Kit (Cytotoxicity) (ab65393) were obtained from Abcam. Alexa Fluor 488 antibody 

(A11059), Alexa Fluor 555 antibody (A21428), Texas Red phalloidin (T7471), CCK-8, 

Fibronectin, and 4′,6-diamidino-2-phenylindole (DAPI) were purchased from Invitrogen.

Fabrication of Microgroove Array:

A master mold with 8 μm thick was made via photolithography process using SU-8 (SU-8 

2050, negative photoresist, Micro-Chem Corp.).[38] Briefly, a photomask was used to block 

photoresist exposure to ultraviolet (UV) in predesigned areas spun on a cleaned silicon 

wafer. The photoresist was developed in SU-8 developer and dried with nitrogen gas to 

yield the MG structures. The resulting MG structures were treated with silane (trimethyl 

chlorosilane) at room temperature for 3 min in a vacuum for easy removal of the PDMS 

from the master mold.[45] PDMS was produced by mixing prepolymer and curing agent 

(10:1 ratio (w/w)) (Sylgard 184, Dow Corning Co.). The mixture of the prepolymer and 

curing agent was gently deposited onto the SU-8 master mold, degassed in a desiccator, 

and baked at 80 °C for 2 h. Four types of MGs with different widths and spacings were 

generated: 25 μm width with 25 μm spacing, 35 μm width with 35 μm spacing, 25 μm width 

with 35 μm spacing, and 35 μm width with 25 μm spacing.

Fabrication of Gold Electrode Array:

The area between electrodes was covered with PMMA pieces to generate the desired pattern. 

The surface was then etched by O2 plasma at 100 W, 20 sccm O2, and 100 mTorr (etching 

rate 100 nm min−1) for 10 min. The sidewall of the grating ridges was inclined after etching, 

which ensures the deposition of a continuous metal film. Subsequently, the electrode area 

was coated with 30 nm Cr adhesion layer and 70 nm Au conducting layer. Au electrolyte 

(Tecknic Inc.) was used for electroplating to deposit ≈800 nm Au film on the electrode 

area.[24]
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Assembly of the Heart-on-a-Chip:

The chambers of the heart-on-a-chip are made of PMMA by laser cutting (Universal Laser 

System VLS 2.3 say model). The 3 × 5 array of chambers, each 8 mm in width, 11 mm 

in length, and 6 mm in height, was designed to match the size of the Au electrode array. 

The chamber array was sealed to the gold electrode substrate using uncured PDMS. A thin 

layer of PDMS mixture of prepolymer and curing agent (10:1 ratio (w/w)) was applied 

to the bottom of PMMA chamber array. The assembled chamber array and gold electrode 

substrate were baked at 80 °C for 1 h. Previously fabricated PDMS MG slides were put 

inside each chamber and oriented perpendicular to the underlying electrodes. As a control, 

smooth PDMS slides were used between the electrodes.

Isolation of CMs:

Neonatal rat ventricular myocytes, provided by David Geffen School of Medicine at 

University of California, Los Angeles, were isolated from 1 to 3-day-old Sprague Dawley 

rats. After harvesting the tissue, the samples were digested with trypsin and collagenase type 

II digestion under the approval of the Institute’s Committee on Animal Care. The CMs were 

suspended at a density of 1.0 × 106 mL−1 in 10% fetal calf serum (FBS) DMEM with 0.1 × 

10−3 m 5-bromo-2-deoxyuridine for future cell seeding and culture.

Device Cell Seeding and Culture:

Prior to cell seeding, devices were sterilized by UV-ozone exposure for 10 min. 

Subsequently, chambers were incubated with a 1 mg mL−1 solution of fibronectin in PBS for 

2 h. Fibronectin solution was aspirated, and chambers were seeded with primary CMs at a 

density of 1.8 × 105 cm−2 in 10% FBS DMEM media. The cell media was changed every 

other day.

Electrical Stimulation:

After cells were incubated for 48 h without electrical stimulation, the electrode was 

connected to AFG1000 Arbitrary Function Generator (Tektronix Inc., OR, USA). Electrical 

stimulation was set in the form of symmetric biphasic pulses (3.3 Hz, amplitude of 5 V cm−1 

per phase, and duration of 1 ms per phase). The desired stimulation regime was verified with 

an oscilloscope. For enhancing CMs maturation, electrical stimulation lasted from day 3 to 

day 4. For drug screening, electrical stimulation was maintained from day 4 to day 5.

Immunostaining and Fluorescent Microscopy:

To visualize morphology and phenotype of CMs cultured under different conditions, 

immunofluorescent staining was performed according to the vendor’s protocol. At day 4, 

cell-seeded chambers were rinsed with DPBS, fixed and stained with Texas Red phalloidin 

and DAPI to visualize the F-actin and nuclei, respectively. For immunofluorescent analysis, 

samples were blocked and primary antibodies (anti-α-actinin, 1:100; anti-Cx43, 1:100; anti­

cTnT, 1:100; anti-MLC2, 1:100) were added for 1 h at room temperature. The samples were 

washed three times in PBS for 3–5 min. Secondary antibodies were then added (Alexa Fluor 

488 antibody, Alexa Fluor 488 antibody, Alexa Fluor 555 antibody, 1:800) and incubated 

at room temperature for 1 h. The samples were washed three times in PBS for 3–5 min. 
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Finally, samples were washed twice with 300 × 10−9 m DAPI containing PBS for 3–5 min 

each. Fluorescence imaging was performed by confocal microscopy (LSM880, Zeiss).

Quantification of Nuclei Elongation and Alignment:

Following a previously reported method,[46] fluorescent images of DAPI-stained nuclei 

acquired by confocal microscopy were processed using ImageJ to convert to a binary image 

and identify individual nucleus as an ellipse. For alignment analysis, the angle between the 

major elliptical axis of the elongated nuclei and the MGs direction was quantified as the 

angle of deviation. For cells cultured on the control surfaces without MGs, the angle was 

taken to be the angle between the long axis of the nucleus and the electric field directions or 

a fixed horizontal line in nonstimulated samples.

Video Imaging and Beating Behavior Quantification:

To quantify beating behavior, CMs were imaged with movies taken by camera attached 

fluorescence microscope (Zeiss Axio Observer, Zeiss) at 400 × magnification. Video 

sequences were digitized at 30 fps and CM beating behavior was analyzed as previously 

described.[47] Video was exported by Adobe Premiere CC software for the change of video 

format to AVI format. Video was rendered with VirtualDub software to make it compatible 

with ImageJ software. Region of interest (ROI) was selected by using a circle tool. A time 

series analyzer V3 plugin was used directly to analyze the dynamic pixel changes in the 

selected ROI. The beats per minute across different conditions were quantified for analysis 

of beating frequency.

RT-qPCR:

RNA was extracted from CMs using the TRIZOL (TAKARA) according to the 

manufacturer’s protocol. Reverse transcription was performed using the PrimeScript RT 

reagent Kit with gDNA Eraser (Perfect Real Time) (TAKARA). Quantitative PCR was 

performed with the SYBR Premix Ex Taq II Kit (Tli RNaseH Plus) (TAKARA). The cycling 

conditions were 95 °C for 10 min and then 40 cycles of (95 °C for 10 s, 57 °C for 30 

s, and 72 °C 32 s). The relative expression of target genes was calculated using GADPH 

as a reference gene. The following primer sets were used for amplifications: MLC2-Fw, 

5′-TCTCCATGTTTGAGCAGACC-3′; MLC2-Rv, 5′- TTTTCACGTTCACTCGTCCG-3′; 
CX43-Fw, 5′- AACATGCACCTAGGGTGTTC-3′; Cx43-Rv, 5′­
TGTACCTCCCTTATCCCCAC-3′; GADPH-Fw, 5′-TGTGTCCGTCGTGGATCTGA-3′; 
GADPH-Rv, 5′-TTGCTGTTGAAGTCGCAGGAG-3′.

Drug Treatment:

Drug treatment occurs on day 4. For cardiotoxicity analysis, DOX or CP were applied for 24 

h. For studies of cardioprotective efficacy against anticancer drugs, CAR and DOX or IVA 

and DOX were coadministered for 24 h. At the end of cultivation, cell viability and beating 

behavior were detected as described previously.
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Cell Viability Assays:

CCK-8 was used to assess cell viability. 10 μL CCK-8 was added in every chamber and 

cultivated at 37 °C for 2 h. Absorbance was measured at 450 nm and the experiment 

was repeated three times. The Apoptosis/Necrosis Assay Kit was employed to assess 

cell viability after drug treatments for 24 h. After washing with PBS twice, cells were 

imaged using an inverted fluorescence microscope (Zeiss Axio Observer, Zeiss). The 

release of LDH by CMs was determined using the LDH Assay kit. Briefly, following 

the drug treatment, the medium in each chamber was collected and centrifuged at 3000 

× g for 1 min. The supernatant was collected and analyzed based on the manufacturer’s 

instructions. Absorbance readings of LDH reaction products were measured at 450 nm using 

a SpectraMax M5 plate reader (Molecular Devices).

Statistical Analysis:

Statistical analysis was performed using GraphPad Prism 6 software package. Unpaired 

two-tailed Student’s t-test was used to characterize the difference between each group. Data 

were presented as mean ± SEM or mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 were 

considered to be statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic for drug screening enabled by the heart-on-a-chip platform. A) The chip is 

composed of a 3 × 5 PMMA cell culture chamber, PDMS-molded MGs substrate, and comb­

structure gold electrode array. Inset: the image of 15-chamber assembled heart-on-a-chip. B) 

CMs are seeded into MGs embedded chambers on Day 1; electrical stimulation is applied on 

Day 3 and lasts for 1 day. Enhanced maturation and beating behaviors of CMs are evidenced 

by increased alignment of α-actinin and CX43. Inset: SEM images of PDMS-based 

substrates with MGs structure. Inset: COMSOL simulation of the generated electrical field 
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(≈5 V cm−1) within the MG embedded cell culture chamber by electrical pulse stimulation 

(biphasic, rectangular, 1 ms duration, 3.3 Hz, ±2 V). C) Drug-induced cardiotoxicity 

(anticancer drugs: DOX and CP) and cardioprotective efficacy (cardioprotective drugs: 

CAR and IVA) can be screened and evaluated in the heart-on-a-chip. DOX could inhibit 

topoisomerase II-β (TOP 2β) and cause damage to DNA, while CP could induce the 

oxidative stress (ROS accumulation) in mitochondria. IVA can block the Na+ and K+ 

channels to lower the beating rate; CAR is proposed to be the muscarinic (M) receptor 

agonist with efficacy in reducing heart beating rate.
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Figure 2. 
Characterization of on-chip CMs phenotype. A) α-actinin and F-actin staining of CMs 

cultured under Flat PDMS + nonstimulated (top, left), MGs + nonstimulated (top, right), 

PDMS + nonstimulated (bottom, left), and MGs + stimulated (bottom, right) conditions 

(Scale bar = 25 μm, CMs were seeded on Day 1, stimulated on Day 3, and imaged on Day 

4.) B) Quantitative fluorescence analysis of α-actinin expression along the white dashed 

lines in (A). C) Frequency of CMs with different nucleus orientation under four different 

conditions. D) Nucleus orientation analysis of cultured CMs. E) Nucleus aspect ratios 

analysis of cultured CMs. (≈80 nuclei were analyzed for each group).
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Figure 3. 
Characterization of on-chip beating behaviors of CMs. A) cTnT and CX43 and B) MLC2 

staining of CMs cultured under four different conditions (from left to right): flat PDMS 

+ nonstimulated, MGs + nonstimulated, PDMS + nonstimulated, and MGs + stimulated 

conditions. (Scale bar = 25 μm, CMs were seeded on Day 1, stimulated on Day 3, and 

imaged on Day 4.) C) Beating behavior of CMs was monitored over 30 s and represented as 

displacement change of cell morphology under four different conditions. D) Quantification 

of beating behavior of CMs represented as beats per minute. (Data represent mean ± SD, n = 

3; *p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 4. 
Cardiotoxicity assessment induced by DOX. A) Schematic timeline of cardiotoxicity 

evaluations enabled by heart-on-a-chip. B) Representative fluorescent images of CMs 

viability treated by different dosages of DOX. (Scale bar = 50 μm, CMs were seeded on 

Day 1, stimulated on Day 3, followed by the addition of DOX on Day 4, and imaged on Day 

5.) C) CCK-8 assay for quantitative analysis of CM viability treated by increasing doses of 

DOX. D) LDH assay for quantitative analysis of CMs viability treated by increasing dosage 

of DOX. E) Quantification of beating behavior of CMs treated by increasing dosages of 

DOX represented as beats per minute. (4C and 4D data are mean ± SEM, n ≥ 3; 4E data are 

mean ± SD, n = 3; *p < 0.05, **p < 0.01, ***p < 0.001).

Ren et al. Page 21

Small Methods. Author manuscript; available in PMC 2021 October 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Cardioprotective efficacy assessment of CAR in combination therapy with DOX. A) 

Schematic timeline of cardioprotective efficacy evaluations enabled by the heart-on-a-chip. 

B) Representative fluorescent images of CM viability treated by increasing the dosage of 

CAR under the same DOX conentration (1.1 × 10−6 M). (Scale bar = 50 μm, CMs were 

seeded on Day 1, stimulated on Day 3, followed by the addition of DOX and CAR on Day 

4, and imaged on Day 5.) C) CCK-8 assay for quantitative analysis of CM viability treated 

with increasing dosage of CAR under the same DOX concentration (1.1 × 10−6 M). D) LDH 

assay for quantitative analysis of CM viability treated by increasing dosage of CAR under 

the same DOX concentration (1.1 × 10−6 M). E) Quantification of beating behavior of CMs 

cultured under increasing dosages of CAR under the same DOX concentration (1.1 × 10−6 

M) represented as beats per minute. (5C and 5D data are mean ± SEM, n ≥ 3; 5E data are 

mean ± SD, n = 3; *p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 6. 
Cardioprotective efficacy assessment of IVA in combination therapy with DOX. A) 

Schematic timeline of cardioprotective efficacy evaluations enabled by the heart-on-a-chip. 

B) Representative fluorescent images of CM viability treated by increasing dosages of IVA 

under the same DOX concentration (1.1 × 10−6 M). (Scale bar = 50 μm, CMs were seeded 

on Day 1, stimulated on Day 3, following the addition of DOX and IVA on Day 4, and 

imaged on Day 5.) C) CCK-8 assay for quantitative analysis of CM viability treated with 

increasing dosage of IVA under the same DOX concentration (1.1 × 10−6 M). D) LDH 

assay for quantitative analysis of CM viability treated by increasing dosage of IVA under 

the same DOX concentration (1.1 × 10−6 M). E) Quantification of beating behavior of CMs 

cultured under increasing dosages of IVA under the same DOX concentration (1.1 × 10−6 M) 

represented as beats per minute. (6C and 6D data are mean ± SEM, n ≥ 3; 6E data are mean 

± SD, n = 3; *p < 0.05, **p < 0.01, ***p < 0.001).
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