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Bioimaging using bipolar electrochemical microscopy improved in 

spatial resolution

Tomoki Iwama,a Kumi Y. Inoue,*a Hiroya Abe,b Tomokazu Matsuec and Hitoshi Shiku*a 

In this study, we developed a bipolar electrochemical microscopy (BEM) using a closed bipolar electrode (cBPE) array with 

an electrochemiluminescence (ECL) detecting system. Because cBPEs are not directly connected to a detector, high spatio-

temporal resolution imaging can be achieved by fabricating a microelectrode array where each electrode point is arranged 

in a short interval. A cBPE array with individual cBPEs arranged in 41 µm intervals was successfully fabricated by depositing 

gold in the pores of a track-etched membrane using electroless plating. Using BEM with the cBPE array, which has a higher 

density of electrode points than the conventional multi-electrode array, we effectively demonstrated the imaging of 

[Fe(CN)6]
3- diffusion and the respiratory activity of the MCF-7 spheroids with high spatio-temporal resolution.

Introduction

Bioimaging technologies have considerably contributed to 

the fields of life science and therapeutic researches providing 

knowledge about functions of biological samples including 

cells and living tissues. Optical observation methods combined 

with various fluorescent probes have been developed for 

bioimaging as well as other imaging techniques such as 

positron emission tomography (PET) and nuclear magnetic 

resonance (NMR) spectroscopy. Among these bioimaging 

technologies, electrochemical imaging has the advantages of 

being non-invasive and label-free to biological samples1, 2. 

Scanning electrochemical microscopy (SECM) is a major 

electrochemical imaging method at the single-cell scale 

providing a highly spatial resolution1, 3, 4. However, SECM is not 

suitable to track fast biological phenomena of a large area 

because SECM requires tens of minutes of measurement time 

to scan with a microelectrode probe. The multi-electrode array 

(MEA) method, another electrochemical imaging method, has 

the advantage of high temporal resolution5-6. The real-time 

imaging of wide-scale biological signals, such as a rat 

hippocampal tissue slice7, embryo bodies8, and neuron-like cell 

spheroids9, have been achieved using electrochemical imaging 

techniques. However, conventional multi-electrode arrays 

require connecting lines between the voltage supplier and 

individual microelectrodes, which severely limits the spatial 

resolution of the resulting electrochemical images. Therefore, 

it is challenging for the conventional multi-electrode arrays to 

observe the local biological phenomena such as the 

metabolism of cardiomyocytes and the synaptic 

communication between individual nerve cells. Moreover, the 

conventional multi-electrode arrays are expensive due to the 

photolithographic process fabricating a device.

To overcome these problems, our group has proposed 

bipolar electrochemical microscopy (BEM) for the highly 

spatio-temporal resolution imaging (Fig. 1). The BEM consists 

of a closed bipolar electrode (cBPE) array and a pair of driving 

electrodes. By applying a sufficient voltage bias between the 

driving electrodes in the solutions separated by the cBPE array, 

electrochemical reactions are simultaneously induced at the 

poles of the cBPE without direct connection from an external 

power generator to each cBPE. High spatio-temporal 

resolution imaging by BEM can be achieved using a high-

density cBPE array in combination with an 

electrochemiluminescence (ECL) reporting system. We 

previously reported a first BEM concept with a cBPE array 

fabricated using manually bundled 300 µm-diameter gold 

wires10. In the study, we successfully proved the basic principle 

of the BEM obtaining an image of flowing [Fe(CN)6]*H. In a 

similar study, Zhang�s group reported the fluorescence-

enabled electrochemical microscopy (FEEM) applying the 

principle of bipolar electrochemistry for chemical imaging. 

Using a carbon fiber electrode array and fluorescence signal, 

they achieved the imaging of [Fe(CN)6]3- diffusion11. Eßmann et 

al. reported the scanning bipolar electrochemical microscopy 

(SBECM) system, which enables either high spatial resolution 

or high temporal resolution imaging by accumulating or 

monitoring the ECL signal while scanning the bipolar electrode 

array probe12. Recently, Anderson et al. achieved the high 

spatio-temporal resolution imaging of [Fe(CN)6]3- using the 

principle of cBPE and ECL13. The ECL signal realizes a higher S/N 
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the ECL generation reaction27. The another possible reason is 

that the oxygen concentration in the solution was reduced 

before the measurement after transferring the oxygen-

bubbled PBS to the chamber.

Figure 4. ECL intensities measured while sweeping the driving 

voltage on WE. (Black) PBS without gas bubbling, (blue) after 

O2 gas bubbling for 15 min, and (red) after Ar gas bubbling for 

15 min.

Imaging of respiration activity of MCF-7 spheroids. To image 

the respiration activity of the MCF-7 spheroids, the O2 

consumption of MCF-7 spheroids was evaluated using BEM. 

The MCF-7 spheroids were prepared by the hanging drop 

method. Approximately 1000 cells were cultured for 5 days at 

37 °C in a 20 W� droplet of a culture medium. To stop the 

respiration of MCF-7 spheroids, one spheroid was soaked in 

4% paraformaldehyde for 30 min and then washed twice with 

PBS. The PBS was filled into the sample chamber, and the PBS 

containing 10 mM [Ru(bpy)3]Cl2 and 100 mM TPA was added 

to the detecting chamber. After both paraformaldehyde-

treated and non-treated spheroids were placed on the cBPE 

array (Fig. 5A), -2.6 V was applied to the WE as the driving 

voltage while observing the ECL signal with the CCD camera 

(gain: 255, exposure time: 100 ms). As a result, the ECL signal 

around the live cell spheroid decreased more than that around 

the dead cell spheroid, although the ECL signal around both 

the dead and live cell spheroids decreased (Fig. 5B). The 

reason why an ECL signal decrease was observed for the dead 

spheroid, even though this spheroid had no respiration activity, 

is the physical inhibition of oxidant diffusion to the cBPE 

surface. Because the living spheroid consumed oxygen by 

respiration, the ECL signal decreased significantly more, in 

addition to the physical diffusion inhibition. The size of the 

spheroids used in this experiment is slightly different (living 

spheroid 259 µm, dead spheroid 210 µm), and the effect of 

oxygen diffusion inhibition may be different. We evaluated the 

effect of oxygen diffusion inhibition by simulations (COMSOL 

Multiphysics), and the difference in area size of ECL 

elimination in the Fig. 5B was not only due to the difference in 

diffusion inhibition, but also due to the consumption of oxygen 

by living spheroids. Details are shown in supplementary 

information. These results confirmed the successful 

monitoring of respiration activity of MCF-7 spheroids using 

BEM. However, a platinum electrode, which produces a 

smaller amount of hydrogen peroxide during oxygen reduction, 

is more suitable for evaluating the oxygen concentration in a 

biological sample. It is necessary to study electrode materials 

in the future in order to perform highly sensitive evaluation 

with less damage to biological samples. The imaging or 

evaluation of the respiration activity of cell spheroids was 

achieved by the conventional multi-electrode array method or 

the detecting device using cBPE and ECL28. The BEM used in 

this study obtained 2D information of the cell respiration 

activity with higher spatial resolution.

Figure 5. (A) Position of the spheroid recorded from below 

the detecting chamber with the CCD camera. (B) ECL image 

obtained by applying -2.6 V on WE with live/dead cells on the 

cBPE array surface.

Experimental

Chemicals

KCl, EtOH, K3[Fe(CN6)], NaBH4, TPA, and PBS (Dulbecco�s 

PBS) were purchased from Wako Pure Chemical Industries, 

Japan. HAuCl4·4 H2O was purchased from KISHIDA CHEMICAL 

Co., Ltd., Japan. [Ru(bpy)3]Cl2 was purchased from Tokyo 

Chemical Industry Co., Ltd., Japan.

Instruments and software

Compactstat (Ivium) was used as a potentiostat for all the 

electrochemical measurements. The PI-MAX CCD camera 

(Princeton Instruments) and Winspec 32 imaging software 

(Princeton Instruments) were used to observe the spreading 

activity of the [Fe(CN)6]3- solution. The ImagEM X2 CCD camera 

(Hamamatsu Photonics K.K.) and HCImage Live imaging 

software (Hamamatsu Photonics K.K.) were used in the 

experiments to determine the oxygen detection voltage and 

observe the respiratory activity of the MCF-7 spheroids.
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Fabrication of cBPE

Track-etched membrane made of polyethylene 

terephthalate (Cell Culture Inserts) was purchased by Corning 

(USA). The trach-etched membrane has 8 µm pores randomly 

formed in the density of 6±2×104/cm2. An aliquot of 50 mM 

HAuCl4 (in water) and 50 mM NaBH4 solution (in EtOH) were 

separated by the track-etched membrane for 30 min to induce 

the gold deposition reaction in the micropores. The extraneous 

deposits on the surface of the track-etched membrane were 

removed using a cotton swab. The deposition and the swab 

were repeated until the gold filled the micropores without any 

mixing of solutions. In the measurement, the edges of the 

cBPE array were covered with epoxy resin so that the 

observation area fits within the field of view of the camera.

Fabrication of driving electrodes

The driving electrodes were fabricated using the 

photolithography and sputtering technique. Pt was sputtered 

on the glass plate (S-1127; MATSUNAMI). After sputtering Pt 

and cutting to the appropriate size, the electrode area was 

defined with SU-8 negative photoresist (KAYAKU Advanced 

Materials, Inc.). The 8 cm2 driving electrodes were used for the 

observation of the spreading activity of the [Fe(CN)6]3- 

solution. The 24 mm2 driving electrodes were used to 

determine the oxygen detection voltage and to observe the 

respiratory activity of the MCF-7 spheroids. 

Preparation of MCF-7 spheroids 

 MCF-7 cells were purchased from the Institute of 

Development, Aging and Cancer at Tohoku University (Japan). 

The MCF-7 spheroids were cultured by a hanging drop 

method. Approximately 20 W� of droplets of a culture medium 

containing 1000 cells were hung on dish covers and cultured 

for 5 days. The control sample to observe the respiratory 

activity, which was shown in Fig. 5 as dead cells, was immersed 

in 4% paraformaldehyde (Wako Pure Chemicals Ltd.) for 30 

min to stop the respiratory activity.

Conclusions

In conclusion, BEM was developed to realize high spatio-

temporal resolution bio-imaging by fabricating a cBPE array on 

a micropore membrane using electroless plating. The flow of 

[Fe(CN)6]3- on the cBPE array was successfully monitored in 

high spatio-temporal resolution. In addition, the applicability 

for bio-imaging was demonstrated by observing the difference 

in the respiratory activity of the living and dead MCF-7 

spheroids and imaging the oxygen concentration on the cBPE 

array. This novel imaging system has the potential to be used 

as a microsco observe various biological phenomena.
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