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Abstract: To study drug response on human heart cells and predict drug induced cardiotoxicity, a 
microfluidic cell culture device with an integrated microelectrode array (MEA) is a promising 
approach. Here we integrate flexible MEA into microengineered and microfluidic in vitro human 
models, known as “Body-on-a-Chip”, during its fabrication. In this work, Au electrodes are covered 
by two layers of parylene C films, and then embedded in a polydimethylsiloxane (PDMS) layer, 
resulting in an easy-to-integrate process and compatible with soft-lithography. For a proof of 
fabrication concept, the impedance of individual electrode-electrolyte interfaces are measured to 
show a potential for network electrophysiology. 
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1. Introduction 

In the early stages of drug development, a microfluidic cell culture device having multiple organs 
and a circulatory system, known as Body-on-a-Chip (BoC) [1], will allow predicting the potential 
efficacy and toxicity of drug candidates. Previously, we developed a microfluidic device—Integrated 
Heart/Cancer on a Chip (Figure 1)—with human healthy heart cells (hCMs) and liver cancer cells 
(HepG2) to recapitulate the side effects of an anti-cancer drug. Then, we showed the potential of BoC 
by evaluating the side effect with a dead cell assay [2]. On the other hand, it becomes increasingly 
important to integrate sensors into the device to study drug response on cells and predict drug-
induced cardiotoxicity. This is because real-time read-out of in vitro systems can provide temporally 
resolved high-content information on pharmacodynamic drug responses, compared to the dead  
cell assay [3]. 

  
(a) (b) 

Figure 1. (a) Illustration of side effects of the drug on heart. (b) Schematic cross-sectional view of a 
unit of the device and its optical image (top view). 
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Among a variety of real-time living cell assays, electrophysiology of living heart cells will 
provide deep insights for the pharmaceutical testing. The challenge is now to integrate microelectrode 
array (MEA) into the cell chamber of BoC and record drug-induced electrophysiological alterations 
without affecting the cells activity. A flexible MEA fabricated directly onto polydimethylsiloxane 
(PDMS) can be utilized for a cell culture substrate; however, it poses serious process challenges [4], 
and the use of molecular adhesive [5] may not compatible with BoC fabrication. Furthermore the 
flexible parylene-based MEAs [6] are still not easy/simple to integrate for BoC. Here, we propose a 
simple fabrication procedure for a flexible parylene-based MEA embedded in PDMS, which is 
compatible with soft-lithography during BoC fabrication. 

2. Materials and Methods 

2.1. Device Design 

A schematic illustration of the flexible parylene-based MEA is shown in Figure 2. A gold (Au) 
electrodes were designed to have a size of 50 μm in diameter. To measure network electrophysiology 
of heart cells, all electrodes were designed to align with a pitch of 240 μm along the length of the 
heart cell chamber. The Au electrodes were covered by two layers of parylene C film due to its high 
biocompatibility, transparency and flexibility [7]. The electrodes were also connected to contact pads. 
The reference electrode was placed close the heart cell chamber. 

 

Figure 2. Schematic illustrations of the flexible parylene-based MEA embedded in PDMS and  
close-up view of the electrodes part. 

2.2. MEA Fabrication 

The fabrication of flexible parylene-based MEA is summarized in Figure 3. A parylene C film 
with 5-μm thickness was deposited on a Si substrate using vacuum deposition system (PDS 2010, 
Specialty Coating Systems, Inc., Indianapolis, IN USA) (Figure 3a). A positive photoresist (OFPR-800, 
Tokyo Ohka Kogyo Co., LTD., Kawasaki, Japan) was patterned (Figure 3b), then parylene C was 
patterned using O2 plasma etching with photoresist as a mask (Figure 3c). Following an Au layer with 
200-nm thickness as an electrode-site and contacts were formed on the parylene C by electron beam 
(EB) deposition without any adhesion metal layer, and wet etching (Figure 3d). After the Au electrode 
patterning, the Au layer was then covered with another a parylene C layer with 5-μm thickness, 
followed by parylene C patterning (i.e., a patterned Au electrode layer were sandwiched between 
two parylene C films) (Figure 3e). A PDMS layer with 50-μm thickness (Sylgard 184, Dow Corning 
Toray Co., Ltd., Tokyo, Japan) pre-mixed in 1:10 ratio with the curing agent was spin-coated on the 
substrate with the defined MEA and cured at 80 °C for 120 min (Figure 3f). The MEA embedded in  

 
Figure 3. Process flow of the parylene-based MEA embedded in PDMS. 
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PDMS was gently peeled off from the substrate, keeping their planar shape (Figure 3g). The electrode-
site and the contacts were opened by O2 plasma etching of a parylene C with 3-μm thickness  
(Figure 3h), and finally this component was permanently bonded between the control and perfusion 
layer of a BoC device (Figure 2). 

2.3. MEA Characterization 

Electrochemical impedance spectroscopy of the fabricated MEA was used to evaluate the 
electrical properties of individual electrodes, to validate the fabrication concept. The impedance of 
magnitudes and phases of individual electrode-electrolyte interfaces of the Au electrodes were 
characterized using a CellTest system (1470E Multichannel Potentiostat/Galvanostat instruments and 
1260 Impedance Analyzer, AMETEK Inc., Berwyn, PA, USA) (Figure 4a). A solution of  
phosphate-buffered saline (PBS, pH 7.2, Sigma-Aldrich Co. LLC., Tokyo, Japan) was used, which had 
similar electrical properties as a physiological solution. The impedance spectra were recorded by 
applying 0.05 V RMS sine wave with frequencies varying in a frequency range 100 Hz–100 kHz. 

(a) (b) 

Figure 4. (a) Schematic illustration of the electrochemical impedance spectroscopy in a three-electrode 
measurement setup. (b) Setup for the fabricated MEA embedded in the control layer. 

3. Results and Discussion 

3.1. Device Fabrication 

As shown in Figure 5, Au electrodes covered by two layers of parylene C films was successfully 
peeled off from the Si substrate without the use of any sacrificial layer, and electrode-site and the 
contacts were opened. Because OFPR-800 is based on a diazonaphthoquinone chemistry, this positive 
photoresist is not ideal in terms of plasma-resistance; however, for the etching of thin layers of 
parylene, a 2-μm-thick photoresist showed promise as a mask in this process. Figure 4b shows an 
optical image of the fabricated MEA bonded to the control layer, and this device was used for the 
impedance measurements. 

 

Figure 5. Photograph of the fabricated MEA bonded to the control layer of the Body-on-a-Chip device 
and close-up view of the Au electrode arrays. (12 Au electrodes each 50 μm in diameter). 

3.2. Electrical Properties 

Electrical impedance was determined by using electrochemical impedance spectroscopy in a 
three-electrode measurement setup (Figure 4b). Figure 6 show the impedance magnitude of the 
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fabricated MEA (Figure 6a) and phase (Figure 6b) measured in PBS. The average impedance of  
the six each electrode at 1 kHz were found to be 5.9 kΩ. The measured impedance of individual 
electrode-electrolyte interfaces reveals a potential for network electrophysiology within the BoC. 

(a) (b) 

Figure 6. The impedance magnitude of the fabricated MEA (a) and phase (b). 

4. Conclusions 

We have demonstrated the microfabrication and preliminary characterization of the flexible 
parylene-based MEA integrated in the BoC. The experimental results showed that the fabricated 
MEA can be used for network electrophysiological activity. Compared to other existing BoC, this 
device is the first design that has the flexible MEAs for a mapping of cardiac electrophysiology, 
leading to investigate how the heart cells are responding to the drugs. 
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