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	 In this study, a fabrication method for a system composed of a fluorescence imaging module 
and a multielectrode array (MEA) chamber is described. It is important to measure both 
fluorescence intensity and electrical activity to obtain a better understanding of a physiological 
activity, such as spikes or action potentials, of cells. However, observing these physiological 
traits long-term with cultured cells is difficult using a conventional microscope. In this study, we 
developed a small fluorescence imaging device with an MEA that can be used in a conventional 
CO2 incubator. The fluorescence imaging module was composed of a CMOS image sensor, a 
fiber-optic plate (FOP), a blue LED, and optical filters. The FOP enabled the device to be 
miniaturized through lensless fluorescence imaging. The MEA chamber was fabricated with 
micro gold electrodes deposited on the FOP. By using the FOP for the bottom of the chamber, we 
measured both the fluorescence signal and electrophysiology signal in the same experiment. The 
performance of the device was evaluated with neuronal blastoma cells. Our device enabled us to 
observe fluorescence images and MEA signals. 

1.	 Introduction

	 Fluorescence microscopy is one of the most widely used techniques for observing the 
interactions of living cells.(1) Electrophysiology signals are also an important indicator of cell 
health and activity.(2,3) However, there is no precise, reliable method for determining the 
relationship between fluorescence intensity and electrophysiological cell depolarization voltage. 
A reliable method that can quantify fluorescence signals is highly desirable. Although multiple 
techniques allow us to measure both signals separately, the reliability of the data is reduced by 
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the slight difference in position of the two measurements, even if made on the same sample, 
preventing the comparison between the fluorescence signal and electrophysiological signal from 
the same cell. Also, moving the sample will change the environmental conditions of the sample 
or cell culture. Another disadvantage of separate measurements is that they are normally 
performed outside the incubator owing to the size of the equipment, which means that the cells 
are not in their perfect physiological condition.(4) We previously developed a portable imaging 
system for cell culture experiments(5) and a highly sensitive lens-free imaging device using a 
CMOS image sensor.(6) 
	 In this study, we present a small device capable of recording both signals simultaneously. We 
used a multielectrode array (MEA) to record the in vitro electrical activity of neuronal cells 
under physiological conditions. The microelectrodes were fabricated on a fiber-optic plate (FOP) 
substrate using conventional microfabrication processes, such as photolithography, metal and 
insulator deposition, and etching. In the following sections, the design and fabrication process 
for both the MEA and the imaging module are described, as well as our initial results. 

2.	 Materials and Methods

2.1	 Miniaturized cell fluorescence imaging device

	 We developed a miniaturized cell fluorescence imaging device equipped with an MEA for 
observing fluorescence signals and electrophysiological signals [Fig. 1(a)]. This device can be 
used in a conventional CO2 incubator for long-term observations of cultured cells. This device 
has two main structures: a fluorescence imaging module with a CMOS image sensor, and a 
special cell culture chamber that is assembled on the surface of the MEA.

Fig. 1.	 (Color online) Overview of instrumentation in study. (a) Fabricated device composed of LED module, 
excitation filter, shading structure to protect the device from external light, cell culture chamber on the MEA 
structure, and image sensor module; (b) diagram of the assembled cell culture chamber with MEA structure and 
image sensor module; (c) photograph of the assembled imaging system; and (d) designed mask pattern. 
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2.2	 Imaging module

	 The imaging module was composed of a CMOS image sensor (Sony IMX219, B07HMZ9ZFX, 
Sain Smart, US) with 3280 × 2464 pixels, a FOP (J5734, Hamamatsu Photonics, Japan), a blue 
LED (OSB5XAAC11U, OPTOSUPPLY, China) with an emission wavelength of 465–475 nm, 
and optical filters (Ex 450 nm, Em 500 nm) as shown in Figs. 1(a) and 1(b). The FOP enabled the 
miniaturization of the device through lensless fluorescence imaging. The FOP was composed of 
a bundle of micron-sized optical fibers, each with a diameter of 3 μm. The FOP was pasted on 
the surface of the absorption filter (500-nm-long pass) and directly mounted on the face of the 
CMOS image sensor. A Raspberry Pi (4B, Raspberry Pi Foundation, UK) and a Python program 
(Python Software Foundation, US) controlled the CMOS image sensor (Fig. 2). The excitation 
light source was composed of an excitation filter (CLW 450 ± 2 nm, FB450-10, Thorlabs, Inc.) 
and an LED. A thin layer of fiber-connecting gel was applied between the image sensor and the 
FOP substrate to decrease the gap between them.

2.3	 Cell culture chamber with MEA

	 We used 25 electrodes in a square distribution on a square FOP substrate of 1.5 cm side 
length and 1 mm thickness. The diameter of the electrodes was 30 μm and the distance between 
them was 60 μm. Twenty-six rectangular contact pads (25 for each electrode and one for 
reference) were designed with dimensions of 1 × 0.3 mm2, with the exception of the reference 
electrode, which had a semicircular tip with a radius of 15 μm attached to a rectangle of 5 × 0.3 
mm2.
	 Several points were considered when choosing the fabrication materials, such as 
biocompatibility, signal disturbance, and the imaging module to be placed underneath the 
electrical measurement module. Because our goal was to develop a system capable of recording 
both cell images and cell signals, a FOP was used as our substrate.  Because the optical fibers 
convey the incident image to the output surface, the FOP was ideal for our requirements.(7) Gold 
was used for the electrodes because of its biocompatibility, resistance to corrosion, longevity, 

Fig. 2.	 (Color online) Setup used to acquire electrophysiological signals.
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and high conductivity.(8,9) To enhance the adhesion of the gold electrodes on the substrate, a 
buffer layer of aluminum was used. To prevent voltage leakage and interference between the 
channels, an electrical insulator should be used.(9,10) Parylene C has an inert surface and a low 
dielectric constant (2.95),(11) and was thus used in this study as an insulator.(12,13)

	 To fabricate the MEA, the FOP substrate was first cleaned in an oxygen plasma machine. A 
standard photolithography process was then performed using LOR2B and OFPR 8600 as 
positive photoresists with designed MEA patterns. The layout of the designed MEA pattern is 
shown in Fig. 1(d). Sequentially, a 30 nm layer of aluminum was deposited, followed by a 
300 nm gold layer. A lift-off process was then performed at 60 °C for 30 min, using acetone and 
Remover PG to remove the OFPR 8600 and LOR2B layers. After that, a silane coupling 
treatment was performed to improve the adhesion between the gold MEA and the subsequently 
deposited Parylene C insulator layer with a thickness of around 2 μm. Because the insulator was 
uniformly deposited over the entire substrate surface, including the electrodes and pads, another 
photolithography process was performed using a mask designed to open these structures. For 
this process, THMR photoresist was used because it provides a thicker film and requires a lower 
baking temperature than OFPR 8600. Finally, plasma treatment with oxygen gas and etching 
with acetone were performed. Figure 3 illustrates the step-by-step process. After the final 
etching process, a 1-cm-diameter acrylic tube cut to a length of 1 cm was placed on the MEA 
with the electrodes at the center of the tube. The well formed by the tube adhered on the substrate 
was used as the cell culture chamber as shown in Figs. 1(a) and 1(b). Figure 1(c) shows a 
photograph of the fabricated device.

Fig. 3.	 (Color online) Process used for MEA fabrication. (a) Spin-coating of LO2RB and OFPR 8600 photoresists, 
(b) mask patterning (electrodes and wires), (c) Al/Au deposition, (d) lift-off process, (e) Parylene C coating, (f) 
THMR deposition, (g) mask patterning (opening electrodes), (h) final structure with THMR, and (i) THMR removal.
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	 The sample was then left to dry for 24 h at room temperature. Then, the pads of the sample 
were bonded to the flexible substrate. The wires were also covered in epoxy resin for protection. 
After the connection to the flexible substrate had been secured by epoxy resin, a header pin was 
attached to the end of the substrate. 

2.4	 Cell culture

	 To enhance biocompatibility, the cell culture chamber was washed with Terg-a-zyme® 

detergent (Z273287; Sigma-Aldrich) and left overnight inside an incubator at 37 °C. After that, a 
10 mM trypsin (R001100; ThermoFisher) solution was prepared and added dropwise to the cell 
chamber well. The MEA was then placed in a fridge (4 °C) for 2 h. 
	 NG108-15 cells (Cell Bank, Tohoku University) were seeded at an initial density of 2 × 106 
cells/mL and nourished in a cell medium composed of DMEM+GlutMax (10566-016; 
ThermoFisher) + 10% FBS (SH30071.03; ThermoFisher). The medium was exchanged 
completely every 24 h. The cells were cultured for 3 days before the MEA signal was measured.

2.5	 Fluorescence imaging and image processing

	 To acquire fluorescence images, the cells were stained with Fluo-8 AM dye (1345980-40-6; 
AAT Bioquest) for 45 min prior to image acquisition. The obtained fluorescence image had low 
differentiation in its raw state and, thus, imaging processing was performed on it. Firstly, a 
general histogram stretch was carried out to improve contrast in the image. After that, a 7 × 7 
region of interest (ROI) was defined to look for points of intensity that distinguished themselves 
(+2 is the signal variance) from the ROI’s histogram average. If pixels with these qualities were 
found, they were marked and the histogram was stretched to increase the difference between 
them and the background. The pixels surrounding the classified indexes that exhibited at least 
30% of their intensity were classified as also belonging to the fluorescence group, and the 
histogram was stretched accordingly. This step was made to ensure that pixels affected by the 
light scattering were not incorrectly classified.

2.6	 MEA recoding and signal processing

	 To measure the signal from our fabricated multielectrode array, we connected the pins of our 
output connector to the input connector of a commercial MEA system (MEA1060-Inv-BC, 
Multichannel Systems). This system was connected to a filter (FA64, Multichannel Systems) and 
then to the spike detection system. The software Spike2 was used to measure the spontaneous 
spike activity. Figure 2 shows the setup.
	 The signal was obtained at a 10 kHz sampling rate and a 10k gain for 5 h. A high-pass digital 
filter (cutoff frequency 200 Hz) was applied to the signal during recording.  
	 The signal was measured in three instances: (i) the MEA with no cell activity and only PBS 
in the cell chamber; (ii) the MEA with a cell culture in its cell chamber; and (iii) cells stimulated 
with 100 μl of 1 M KCl. The first measurement was made to define the baseline signal and the 
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noise inherent to our system. Stochastic signal processing(14) was performed on the acquired 
signal; then, a Z-score algorithm(15) was used to extract the neuronal spike signals from the 
measured cell signal.
	 Stochastic signal processing is used to describe and manipulate random signals, and therefore 
processes. A random process is composed of, on one side, an infinite number of random 
variables, indexed by a time index n, which are triggered in turn and produce, on the other side, 
a set of samples that can be measured, regardless of the transfer function. Because the variables 
are random, the generated signal will be different every time. However, by definition, these 
variables are still sufficiently similar that they can be considered to belong to the same group, 
such as spike signals. When such variables are added to another signal that is sufficiently 
random to not be easily deconvoluted but sufficiently predicable for some pattern to be found, a 
method of separating these signals is to analyze the statistical relation between the values. To 
analyze the recorded signal, which was highly noisy due to the instrumental configuration, a 
kth-order description approach was used with a second-order description, which means that the 
time-varying mean and time-varying autocorrelation were analyzed in a predefined window of 
3 s. A quadratic cost function was applied to the signal. To define the baseline of the function, 
we measured the signal of our MEA with no cells in the chamber and only with PBS for 
approximately 5 h. The signal with the cells was then measured, and the probability curves and 
costs were compared to define the windows where spikes occurred. Because this method relies 
on probability to infer the behavior of a signal, and our signal was composed of a weak part of 
interest (spikes) and a strong random signal (instrumental noise), this processing might have 
caused spike signals to be overlapped with noise on multiple occasions, affecting the accuracy of 
our measurement system, a point that will be returned to in the discussion.

3.	 Results

3.1	 MEA structure

	 After the epoxy had dried and the connection wires were secured, we analyzed the fabricated 
structure by microscopy and using our imaging device. Figure 4 shows a diagram of the final 
structure of the fabricated MEA [Fig. 4(a)], a photograph of the fabricated sample [Fig. 4(b)], a 
micrograph of the MEA electrodes obtained with 10× magnification [Fig. 4(c)], and a bright-field 
image captured by our imaging system [Fig. 4(d)].

3.2	 MEA signal measurement

	 After preparing the cell chamber with trypsin and culturing the cells for 72 h, the electric 
signal of our system was measured. For this purpose, a double-ended IC clip cable, covered in 
aluminum foil to decrease noise, was used. The pins from our header pin were connected to the 
output pins of the commercial MEA system, as shown in Fig. 3. Figure 5 shows a bright-field 
image of the cell culture used for signal measurement obtained with our device [Fig. 5(a)] and 
the results after signal processing and spike recognition under normal [Fig. 5(b)] and stimulation 
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Fig. 4.	 (Color online) Final structure of the fabricated MEA. (a) Schematic of the cell signaling structure. (b) 
Photograph of the fabricated device taken with a smartphone. (c) Micrograph of the fabricated MEA electrodes with 
10× magnification. (d) Bright-field image captured by our device.  

Fig. 5.	 (Color online) Signal after stochastic processing and spikes detected with the Z-score algorithm. (a) Cell 
culture on the FOP. (b) Electrophysiological signal recorded without stimulus. The red triangles indicate the spikes 
recognized by the algorithm. (c) Signal and spikes recorded when stimulating the cells with KCl. 

[Fig. 5(c)] conditions. The recorded signal intensity was 122.8 ± 38.3 μV. When stimulated, the 
cells showed an increase in intensity of 8.5 ± 4.2 μV and an increase in the firing rate of 13%. 

3.3	 Fluorescence images

	 After assembling the image sensor and adding a thin layer of optical gel to it, bright-field and 
fluorescence images were obtained. For this purpose, cells were cultured for 3 days in a CO2 
incubator. One hour before the experiment, the cell culture medium was removed and replaced 
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with PBS to avoid background noise when acquiring the fluorescence signal. A fluorescent dye 
was then added to it, and the mixture was incubated for 45 min at 37 °C. Figure 6 shows the 
resulting images obtained with our system and a microscope as both bright-field and 
fluorescence micrographs. Firstly, micrographs with 4× magnification were taken of both bright-
field [Fig. 6(a)] and fluorescence images [Fig. 6(b)] and used as gold standards to ensure the 
accuracy of our device. With our device, a bright-field image [Fig. 6(c)] was recorded to secure 
the cell position during fluorescence signal imaging. For the fluorescence image [Fig. 6(d)], 
parameters such as exposure time and excitation light intensity were adjusted while checking the 
obtained data. Lastly, the fluorescence images were processed to enhance them [Fig. 6(e)].
	 To verify the device response when cells were stimulated, 100 μl of KCl at a concentration of 
1 M was added to the cell chamber. KCl can promote neuronal stimulation as it causes 
depolarization and activation of voltage-gated receptors. As shown in Fig. 7, firstly, the bright-
field image [Fig. 7(a)] was recorded, followed by the fluorescence signal without the addition of 

Fig. 6.	 (Color online) Images obtained with our imaging system. (a) Bright-field micrograph obtained with 4× 
magnification. (b) Fluorescence micrograph obtained with 4× magnification. (c) Raw bright-field image obtained 
with our device. (d) Raw fluorescence image obtained with our device. (e) Processed fluorescence image obtained 
with our device. A local-window deviation method was applied to the raw images to identify the brighter pixels.

Fig. 7.	 (Color online) Captured images after cell stimulation with KCl. (a) Bright-field image of the cell chamber. 
(b) Fluorescence image before KCl stimulation. (c) Fluorescence image after KCl stimulation.

(a) (b)

(c) (d) (e)

(a) (b) (c)
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KCl [Fig. 7(b)] and, finally, the fluorescence signal while stimulating the cells with KCl [Fig. 
7(c)]. The signal captured after stimulation had an intensity 16 ± 3.5% higher than that of the 
physiological signal. 

4.	 Discussion

	 In this work, a small device composed of both electrophysiological and fluorescence signal 
recording modules was fabricated. To fabricate the electrophysiological module, a standard 
positive photolithography method was used. Because we wanted to record signals from living 
cells, biocompatibility and cell toxicity were factors to be considered. Also, conductivity, 
electrical properties, and durability were characteristics of interest. Owing to its stability and 
longevity, gold was chosen to fabricate the electrodes. Despite its low impedance, gold is a good 
alternative to platinum as it is suitable for coating medical instruments and has high conductivity 
and cell compatibility. It was ensured that all other used materials were biocompatible, optically 
transparent, and inert so as not to interfere with the physiochemical cell culture environment. 
The electrode and interconnection size were also parameters of interest. The interconnection 
size was especially relevant during the lift-off process as a very narrow path made this process 
difficult. Because the aim of this study was to fabricate a device capable of correlating cell 
electrical signals and fluorescence intensity, a FOP was chosen as the substrate for our MEA. 
The FOP has the properties of inertness and optical transparency, with the advantage of allowing 
an image formed on its upper face, on which the MEA was fabricated, to be transmitted without 
distortion to the output face, directly under which an image sensor was located. This allowed us 
to capture both bright-field and fluorescence images satisfactorily. For the imaging module, 
several other focuses of attention were the excitation light brightness, excitation filter cutoff 
wavelength, and sensor resolution. A lack of power of the excitation light will result in a low or 
inexistent fluorescence signal, whereas a very strong power will result in a poor-quality image 
due to low pixel differentiation. The filter wavelength directly influences the fluorescence 
intensity, signal quality, and fluorescence dye selection. Finally, the image sensor resolution is 
relevant for signal recording and structure identification. 

4.1	 MEA structure and signal

	 The fabricated MEA was robust, being able to undergo washing and sterilization in an 
autoclave (120 °C, 30 min) and remain for long periods of time inside the incubator (37 °C, 
approximately 72 h) without any fracture on the electrodes. The acrylic tube used as the walls of 
the cell chamber also did not show any detachment from the substrate surface. The device 
showed good biocompatibility, with 88% of the cells showing viability at the end of the third 
incubation day. This percentage provided us with a sufficiently strong signal to be measured by 
our system, although the biocompatibility issue should be studied further. Regarding the 
measured signal, the noise found in the measurement was high and required heavy digital data 
processing, such as a stochastic method, which inherently destroyed part of the measured 
electrophysiological signal and made spike identification difficult. The majority of the noise 
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originated from the setup used to connect our device’s output to the input of the commercial 
MEA system. Because of the limitations of the connection method, we analyzed the average 
signal, obtained from the sum of the recordings of all 25 electrodes, as it was not possible to 
analyze the signals from individual electrodes. 
	 The next steps in this work are to construct a measurement system coupled to our MEA to 
reduce the noise in the system and achieve single-electrode signal recording, and to fabricate a 
stimulation module. 

4.2	 Cell imaging system

	 For the image module, both bright-field and fluorescence images were successfully obtained. 
Parameters such as excitation light intensity and exposure time were refined and selected so as 
to maximize the signal recorded. For fluorescence images, an image processing algorithm was 
performed to enhance pixel differentiation, but fluorescence signals were satisfactorily obtained. 
The imaging system was able to satisfactorily capture fluorescence data from NG108-15 cells 
stained with Fluo-8 AM dye. Even without processing, the images showed promising results. 

5.	 Conclusions

	 In this study, we designed and fabricated a compact MEA on a FOP substrate with 25 
electrodes of 30 μm diameter. The fabrication process employed the standard positive lithography 
process, using OFPR 8600 and THMR as photoresistors, aluminum and gold films as the 
electrodes, and a Parylene C coating as an insulator. The FOP substrate was used because of its 
image transmission property, as we also aimed to obtain fluorescence images from the cells 
taken. The surface of the cell chamber was treated with trypsin to increase its biocompatibility. 
To measure the electrophysiological signal from the cells, we connected our device to a 
commercial MEA system. Even with the high noise level obtained by this configuration, we 
were still able to record and identify spontaneous spikes. The imaging module also proved to be 
highly satisfactory. The system was designed to be sufficiently compact to fit inside an incubator. 
With this setup, the simultaneous acquisition of spike activity and fluorescence signals is 
possible. Simultaneous signal acquisition can help investigate neuronal dynamics and possibly 
establish the relationship between fluorescence and action potentials. Future works involve (i) 
the fabrication of a measurement signal module to be coupled directly to our system to decrease 
the noise level; (ii) signal measurement from single electrodes; (iii) the fabrication of a 
stimulation module; and (iv) the simultaneous acquisition of electrophysiological signals and 
fluorescence images inside the incubator.
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