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 Optical and electrophysiological methods are widely used in neuroscience to study brain 
activity. Each technique has its own strengths and weaknesses that complement each other to 
provide a more comprehensive understanding of neuronal activity. To this end, we developed an 
implantable CMOS image sensor device with an integrated carbon electrode for the simultaneous 
measurement of fluorescence and extracellular signals. The device is composed of a 450 × 1660 
µm CMOS chip and micro-LED secured to a flexible printed circuit substrate. The chip has an 
imaging surface measuring 900 × 300 µm2, comprising 120 × 90 pixels recording at 10 frames 
per second. An absorption filter film was placed on top of the imaging surface to block excitation 
light. The device was coated with parylene-C for waterproofing and, finally, the coating film 
was readily turned into carbon electrodes by laser carbonization. We characterized the laser-
carbonized electrodes by cyclic voltammetry, electrochemical impedance spectroscopy, and 
X-ray photoelectron spectroscopy to confirm carbonization. We then demonstrated simultaneous 
in vivo recording of fluorescence and extracellular signals in hippocampus CA1 using the 
device.

1. Introduction

 In vivo investigations of neuron functions are widely conducted with extracellular 
electrophysiology and optical imaging.(1) Extracellular electrophysiology is the older method but 
remains the gold standard for observing neuronal activity. This technique involves direct 
measurement of the electrical activity of neurons and can record at a sub-millisecond resolution. 
Thus, extracellular recording can record the rapid action potential spikes of individual neurons 
as well as the collective activity of nearby neurons, referred to as local field potential.(2) 
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However, extracellular recording is limited by its low spatial resolution as direct contact with the 
electrode is necessary. Furthermore, it is unable to distinguish between different types of neuron 
as it is just an indiscriminate recording of potential changes.
 Optical imaging can mitigate these limitations with its single-cell resolution and cell-specific 
expression of genetically encoded indicators.(3) Fluorescent indicators are typically used in 
optical imaging as proxy for neuronal activity by determining fluorescence intensity changes in 
response to ionic concentration, neurotransmitter release, or membrane voltage. Furthermore, 
many neurons with known localizations can be monitored at the same time, enabling network 
dynamics studies. However, optical imaging can be slow at a subsecond resolution owing to the 
indicators’ binding kinetics. Additionally, these techniques typically require a fluorescence 
microscope that immobilizes a mouse to the instrument.
 Freely moving mouse experiments have been demonstrated with miniaturized fluorescence 
microscopes and implantable CMOS image sensors (ICISs).(4) Owing to the compact and 
lightweight design of ICISs, device implantations are significantly less invasive, and more 
naturalistic behavior can be observed.(5) Moreover, multiregion observations have been 
conducted through dual-device implantation(6) or integration with 1(7) or 2(8) microdialysis 
probes. Another advantage of ICISs is the ease of integrating other brain sensing techniques 
such as fast-scan cyclic voltammetry(9) and extracellular electrophysiology.(10,11)

 In this paper, we discuss the development of an ICIS with an extracellular electrophysiology 
recording function. While the integration of ICIS with extracellular electophysiology has already 
been reported, this new design significantly streamlines the process. Unlike the approach of 
Naganuma et al.(10) where the electrophysiological recording and imaging components were in 
separate flexible printed circuits (FPCs), this design incorporates the electrodes in the CMOS 
chip itself. There is also no need for a separate implantation for the excitation light source(11) as 
the light source is a micro-LED integrated into the device. Lastly, the electrodes were not 
fabricated by a complicated process such as ball bonding(11) but, rather, by a facile carbonization 
process using a laser. Carbon deposition by a laser provides advantages such as low processing 
temperature and localized carbonization, minimizing substrate damage, which is very important 
when the substrate is an electronic chip. Additionally, we used the waterproofing polymer 
coating as the carbon source, thus serving two purposes at once, further simplifying the 
fabrication process. Furthermore, carbon electrodes have proven to be more biocompatible and 
safe than traditional noble metals and exhibit a relatively high electrical conductivity.(12) The 
carbonization process was optimized with a Nd:YAG laser in ambient atmosphere and 
temperature. We characterized the laser-carbonized electrodes by cyclic voltammetry (CV), 
electrochemical impedance spectroscopy (EIS), and X-ray photoelectron spectroscopy (XPS). 
We demonstrated the utility of this device by recording hippocampus CA1 activity after the 
electrical stimulation of hippocampus CA3.
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2. Data, Materials, and Methods

2.1 Laser carbonization

 Laser carbonization was first performed on flexible gold electrodes for optimization. Gold 
electrodes were coated with approximately 5 μm of parylene-C (SCS Labcoter® 2) and then 
exposed to a 266 nm Nd:YAG laser (Callisto VL-C30RS-GV, TNS Systems). For the 
optimization, the energy setting of the machine was varied from 150 to 450 and the exposure 
time was varied from 0 to 90 min at a repetition rate of 3 Hz. Optimal laser power was measured 
with a photodiode (S130VC, Thorlabs). A schematic of the carbonization process and 
photographs of the electrodes are shown in Fig. 1.

2.2 Characterization

 Electrochemical performance was evaluated by CV and EIS using a potentiostat (PGSTAT 
204, Metrohm Japan Ltd., Japan) and a frequency response analyzer (Metrohm Japan Ltd., 
Japan). CV scans were performed with a potential range of −0.2 to 0.8 V for five continuous 
sweeps at a sweep rate of 50 mV s−1 in 0.1 M solutions of dopamine. EIS was performed using a 
sinusoidal wave in the frequency range of 1–105 Hz and an amplitude of 10 mV in a 0.1 M 
phosphate-buffered saline solution. For these measurements, the working electrode was the laser 
carbonized electrode, whereas the counter electrode was a platinum plate (size: 2 × 2 cm) and the 
reference electrode was Ag∣AgCl (D.6.0733.100 J, International Chemistry Co., Ltd., Japan). 
Chemical composition and bonding were evaluated by XPS (ULVAC-PHI Versa Probe II) using 
a mono-Al Kα source.

Fig. 1. (Color online) (a) Schematic of laser carbonization process and (b) photographs of parylene-C-coated gold 
electrodes before and after laser carbonization.
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2.3 Electrophysiology–imaging device fabrication

 A CMOS imaging chip with an imaging area of 120 × 40 pixels and an integrated aluminum 
electrode (size: 100 × 100 µm2) positioned directly above the imaging area was fixed on a 
polyimide FPC substrate (Taiyo Technorex Co., Ltd., Wakayama, Japan) with epoxy resin (Z-1; 
Nissin resin, Yokohama, Japan). At the same time, a micro-LED with a center wavelength of 470 
nm (ES-VEBCM12A, EPISTAR Corporation, Taiwan) was also immobilized on the FPC with 
epoxy. Subsequently, the electrical connections of the chip and LED were bonded (7400C-79, 
West Bond, Anaheim, CA, USA) with aluminum wires (TANAKA Holdings Co., Ltd., Tokyo, 
Japan) to the FPC. After that, a thin dyed polymer film was positioned on the imaging area and 
fixed by heating in a vacuum oven for 2 h at 120 ºC. This was the absorption filter for blocking 
LED light to allow only fluorescent light, which was made by dissolving a yellow dye (Valifast® 
yellow 3150 dye, Orient Chemical Industries, Osaka, Japan) in a photopolymer (Norland Optical 
Adhesive 63, Cranbury, NJ, USA) film. A 1:1:1 mass solution of Valifast yellow, cyclopentanone, 
and NOA63 was vigorously mixed with a vortex mixer and then spin-coated on a silicone 
substrate. The film was heated at 90 ºC for 30 min and exposed to UV for 30 s for curing. 
Finally, the absorption filter was patterned with a Nd:YAG laser to match the CMOS imaging 
area before depositing on the chip. Black resist resin containing a 1:1:1 ratio of SR-3000L, SG-
3000L, and SB-3000L (Fujifilm, Tokyo, Japan) was used to close gaps on the sides of the filter 
before protecting the aluminum wires with epoxy. Lastly, the device was coated with 
approximately 5 μm of parylene-C for waterproofing. This also served as the carbon source for 
laser carbonization. On the aluminum electrode on top of the imaging area, laser carbonization 
was performed with a Nd:YAG laser at 1.59 µW for 60 min. A photograph of the completed 
device with a diagram of its components is shown in Fig. 2 with high-magnification images of 
the imaging area and the laser-carbonized electrode.

Fig. 2. (Color online) (a) Diagram and photograph of electrophysiology–imaging device and (b) high-magnification 
images of the device’s imaging area and laser-carbonized electrode.
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2.4 In vivo electrophysiology–imaging experiments

 All animal experiments conducted followed the guidelines provided by the Nara Institute of 
Science and Technology (NAIST) Animal Committee. Transgenic G-CaMP6 mice [strain FVB-
Tg (Thy1-GCaMP6)5Shi (RBRC09452, RIKEN)] maintained in the NAIST Animal Facility 
were used in these experiments. The mice were kept in a 12-h light/dark cycle and given ad 
libitum access to food and water.
 In a typical animal experiment, a mouse was first anesthetized with urethane and its hair was 
trimmed on the scalp. The mouse was then fixed with an ear bar to a stereotaxic apparatus. Body 
temperature was maintained with a heating pad underneath the mouse. Afterwards, the scalp 
was disinfected with chlorhexidine gluconate and incised along the midline to expose the 
cranium. Burr holes were then drilled for implanting an ICIS to the hippocampus CA1, a bipolar 
stimulation electrode to hippocampus CA3, and a screw to the brain surface. Next, a screw was 
tightened on the cranium until contact with the brain to serve as a reference. The ICIS was 
implanted on the CA1 [−2.2 mm anteroposterior (AP), 1.5 mm mediolateral (ML), 1.8 mm 
dorsoventral (DV) relative to the bregma] and the stimulation electrode on CA3  
(−2.2 mm AP, 2.3 mm ML, 1.8 mm DV relative to the bregma). A schematic of the implantation 
site is shown in Figs. 3(a) and 3(b). Then, extracellular electrophysiological and calcium imaging 
signals were recorded for baseline activity until no significant changes occurred. Once the 
signals from the mouse became stable, tetanic stimulation (50 µA, 200 Hz duty ratio of 50%, 100 
pulses, main interval of 30 s, 4 cycles) of CA3 was performed to induce long-term potentiation in  
CA1. 
 To demonstrate simultaneous Ca2+ fluorescence imaging and extracellular electrophysiological 
measurements, known neuronal activity was recorded in the hippocampus. When neurons in  
CA3 are activated by electrical stimulation, they communicate to those in CA1 via Schafer 
collaterals to activate neurons in CA1. The increased electrophysiological activity and Ca2+ 
fluorescence activity from this stimulation are simultaneously recorded by the device’s electrode 
and image sensor, respectively. Furthermore, since the distribution of neurons in the 

Fig. 3. (Color online) (a) Schematic of the implantation site to hippocampus CA1 in mouse brain and (b) schematic 
of insertion position of an imaging area, a laser-carbonized electrode, and a bipolar stimulation electrode.
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hippocampus is layered, it is easy to show that neuronal activity in CA1 differs depending on the 
region.
 The ICIS was simultaneously connected to custom-built imaging and electrophysiological 
recording systems. For electrophysiological recording, the device was connected to a 
preamplifier (SH-MED8, Alpha MED Scientific Inc., Japan) with a 10-fold amplification factor, 
which was then connected to the main amplifier (SU-MED8, Alpha MED Scientific Inc., Japan) 
with a 100-fold amplification factor. The main amplifier was equipped with a 60 Hz notch filter 
and a 100–5000 Hz bandpass filter. The signals input to the main amplifier were recorded using 
Micro1401 mkII (Cambridge Electronic Design Ltd., UK) at a sampling frequency of 20 kHz at a 
resolution of 24 bits. For calcium imaging, the ICIS was connected to a custom-built imaging 
platform named CIS-OS(13) recording at 10 frames per second.

2.5 Data analysis

 A custom-built Python algorithm was developed for determining regions of interest (ROIs) in 
the ICIS imaging data consisting of a series of adaptive binarization and morphological 
transformations (Fig. 4).(8)

 The start and end of the stimulation procedure were marked in the imaging data. The data 
was then trimmed into 5 min before the stimulation and 30 min after. These two segments were 
then concatenated. The frames before stimulation were designated as the baseline, F0.
 Before ROI selection, each pixel was baselined to %ΔFi/Fi,0 as expressed in Eq. (1), where Fi,t 
is the fluorescence intensity of the ith pixel at the time point t and Fi,0 is the average baseline 
fluorescence of the ith pixel.

 %ΔFi/Fi,0 = [(Fi,t – Fi,0)/Fi,0] × 100% (1)

 Adaptive binarization by a Gaussian method was applied to each frame after stimulation. A 
morphological opening was then used to clean the binarized frames before averaging all the 
frames. Afterwards, adaptive binarization was performed again and, subsequently, 
morphological opening. Each shape in the resulting image was designated as an ROI.

Fig. 4. (Color online) Schematic of ROI selection algorithm using viridis color map (dark green for low values and 
bright yellow for high values).
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 After ROI selection, ROI traces were calculated using Eq. (2), where F̅ t is the average 
fluorescence of all pixels at the time point t in the ROI and F0 is the average baseline fluorescence 
of all pixels in the ROI.

 %ΔF/F0 = [(F̅ t – F0)/F0] × 100% (2)

 All data processing was conducted in Python 3.10.6 [http://www.python.org/ (accessed on 10 
October 2023)] with Spyder IDE 5.4.3. Statistical testing was done with SciPy 1.11.3.(14) 
Morphological image processing and adaptive binarization were performed with scikit-image 
0.22.0.(15) Principal component analysis, k-means clustering, and silhouette score calculation 
were implemented with scikit-learn 1.3.1.(16)

3. Results

3.1 Optimization of laser power and duration

 We first investigated the effects of laser power and exposure time on the electrochemical 
properties of the laser-carbonized electrodes using cyclic voltammetry. Figure 5 shows the 

Fig. 5. (Color online) Cyclic voltammogram of laser-carbonized electrodes at different laser energy settings and 
exposure times.

http://www.python.org/
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voltammograms of the laser-carbonized electrodes at different energy settings and exposure 
time. At a 150-energy setting, 45 min of exposure was necessary to fully carbonize the polymer 
since only noise level current was detected with electrodes that were laser-carbonized for 15 and 
30 min. The required duration decreased to 30 min when a 200-energy setting was used. When a 
300-energy setting was used, the electrodes were already conductive with only 10 min of laser 
exposure. At a 450-energy setting, the electrodes were conductive even at 5 min of laser 
exposure.
 However, faradaic current was only observed when using a 150-energy setting as shown in 
Fig. 6(a). This indicates that the electrodes produced using lasers with higher energy settings 
(200, 300 and 450) are not electrochemically active. This can be explained by the decreased 
carbon coverage as shown in Fig. 6(b). More of the underlying gold electrode is exposed when 
using higher energy settings. Very little carbon can be observed for electrodes subjected to the 
highest energy setting of 450 energy for 15 min. Hence, the optimal energy setting is 150, which 
was measured to have a laser power of 1.59 µW. This energy setting was used for all other laser 
carbonizations.

Fig. 6. (Color online) (a) Cyclic voltammogram and (b) photographs of laser-carbonized electrodes at different 
laser energy settings and exposure times.
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 We then investigated the effects of exposure time on the electrochemical properties of the 
laser-carbonized electrodes by EIS. Figure 7 shows that at a laser power of 1.59 µW, the 
minimum exposure time required was 45 min. At 15 and 30 min of exposure, the spectrum is 
equivalent to those of samples not exposed to laser, indicating that the insulating polymer 
coating has not been fully carbonized. The impedance decreases further with 60 min of 
exposure. More importantly, the impedance of this electrode is lower than that of the uncoated 
gold electrode. This improved impedance could indicate that the laser-carbonized electrode has a 
larger surface area since the electrode areas are the same. There are no further impedance 
improvements with longer exposure time.

3.2 Elemental composition 

 The laser-induced carbon and original polymer were characterized by XPS to determine their 
elemental composition (Fig. 8). A decreased C1s peak intensity was observed in laser-induced 
carbon compared with parylene-C, indicating a decreased proportion of carbon in the sample. 
This is corroborated by the higher O1s peak of the laser-induced carbon. This means that 
parylene-C was successfully carbonized leading to more oxygen functional groups since carbon 

Fig. 7. (Color online) Changes in EIS properties of laser-induced carbon with increasing laser exposure time.

Fig. 8. (Color online) Narrow-scan XPS C1s, O1s, and Cl2p peaks of laser-induced carbon and parylene-C.
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materials are typically terminated by oxygen functional groups.(17) Additionally, we 
deconvoluted the C1s and O1s peaks to determine the chemical bonds present in these materials. 
Binding energies of approximately 285, 286, and 291 eV correspond to C–C, C–O, and π-π* 
peaks, respectively.(17–19) The C1s peak of laser-induced carbon contained 84.6% C–C bonds and 
15.4% C–O bonds, which are different from the original polymer, parylene-C, which contained 
91.8% C–C bonds and 8.2% C–O bonds (Fig. 9). Furthermore, π-π* bonds were detected in 
parylene-C from its aromatic ring that was not present in the laser-induced carbon. In the O1s 
peak of laser-induced carbon, O–C, O–H, and O=C comprised 47.7%, 29.6%, and 22.7%, while 
the values were 62.8%, 19.0%, and 18.2% for parylene-C, respectively. This further confirms the 
carbonization of parylene-C as the abundance of O–H and O=C bonds increases in the carbon 
sample. Finally, a decrease in Cl2p intensity was also observed in the laser-induced carbon 
compared with parylene-C (Fig. 8). Taken together, these results confirm the laser-induced 
carbonization of parylene-C.

3.3 Detection of brain activity with electrophysiology–imaging device

 We performed simultaneous in vivo recording of electrophysiological and optical signals with 
the implantable electrophysiology–imaging device. The device was implanted in hippocampal 
CA1 to observe localized activity due to the layered structure of the hippocampus. The bipolar 
stimulating electrode was implanted in the CA3 for tetanic stimulation and to induce long-term 
potentiation of the CA1.(20) Hippocampal CA1 activity was recorded following the tetanic 
stimulation of the CA3. Figure 10(a) shows the average frame of calcium imaging data every 5 

Fig. 9. (Color online) Deconvolution of XPS C1s and O1s peaks of laser-induced carbon and parylene-C.
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min. Increasing local intensity is observed in the bottom left corner of the frame, indicating an 
elevated CA1 fluorescence activity. A custom-built algorithm was used to identify ROIs in the 
video to avoid subjective bias. The average fluorescence activity of each ROI is shown in Fig. 
10(b). The top part of the image showed increasing activity (until ROI 27), while ROIs 28 to 38 
(except 37) showed a trend of decreasing activity. This difference in fluorescence activity was 
expected given that different brain regions were recorded with the image sensor. As shown in 
Fig. 3(b), the top part of the image sensor is not in the CA1, whereas the bottom part is. Therefore, 
the activity patterns for these different brain regions should be different. This also demonstrates 
the capability of the image sensor to capture brain activity in different layers of the brain.

Fig. 10. (Color online) (a) Average hippocampal CA1 fluorescence activity image every 5 min and (b) average 
fluorescence activity of each ROI displayed in pseudocolor.
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 The extracellular recording data was analyzed by calculating the change in FFT amplitude of 
different frequency bands from baseline levels (Fig. 11). A considerable drop in FFT amplitude 
is observed in all frequency bands except for the ripple and δ bands after stimulation. This is 
similar to the progression of the fluorescence signal of the ROI 42 in the Ca2+ imaging data. On 
the other hand, the increase in ripple band activity could be correlated with the increase in the 
activity of ROI 37. These results suggest that the implantable electrophysiology–imaging sensor  
can simultaneously record calcium imaging and extracellular electrophysiological signals.

4. Discussion

 We developed an ICIS with an integrated electrophysiological recording function by 
incorporating a carbon electrode prepared using a facile carbonization technique. The method 

Fig. 11. (Color online) Changes in the FFT amplitude from the baseline  levels of (a) δ, θ, α, and β, and (b) low γ, 
high γ, and ripple bands in the extracellular recording.
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does not require complicated steps and significantly simplifies the device assembly process by 
utilizing the already present waterproofing film on the device. This is also the first ICIS to 
streamline simultaneous electrophysiology–imaging experiments without needing a hybrid 
design(10) or a separate light source.(11)

 We measured the cyclic voltammograms of the laser-carbonized electrodes to evaluate the 
electrochemical activity. Since our method uses a 266 nm Nd:YAG UV laser instead of a visible 
or infrared laser, it was important to optimize the carbonization process. We found the optimal 
exposure power to be 1.59 µW, which is significantly lower than those for typical laser 
carbonizations with an infrared laser reported in the literature.(21–24) Carbonization with a laser 
at a power higher than 1.59 μW opened the electrodes faster, as indicated by the above noise-
level voltammograms (Fig. 5). However, these electrodes showed no electrochemical oxidation 
capability [Fig. 6(a)] and decreased carbonization [Fig. 6(b)], which was indicated by the increase 
in the proportion of gold on the electrode surface. These results are important for other future 
neural applications of these carbon electrodes in neuronal recording, such as fast-scan cyclic 
voltammetry.
 We then used EIS to assess the suitability of the electrodes for extracellular recording. We 
found the optimal exposure time to be 60 min considering that the electrode exhibits 139 kΩ of 
impedance at 1 kHz, which is sufficiently low for extracellular electrophysiological recording.(25) 
The electrode is already conductive after 45 min but the impedance is still insufficient at 1.3 
MΩ. 
 We confirmed the carbonization by comparing the X-ray photoelectron spectra of the laser-
carbonized electrode and the carbon source polymer, parylene-C. The C1s spectrum of 
parylene-C shows the typical π–π* peak observed for this polymer from the conjugated benzene 
ring (Fig. 8).(19) This peak is not present in the C1s spectrum of laser-carbonized electrode but 
instead contains carbonyl groups and a larger proportion of C–O groups, which is typical of 
carbon samples.(17) These results indicate the carbonization of parylene-C, which is also 
validated by the presence of more functional groups in the O1s peak of the laser-carbonized 
electrode compared with that of the parylene-C.(26,27)

 The optimized laser carbonization process was then used to integrate the electrophysiological 
recording function into an ICIS. To detect observable brain signals, the device implanted in  
hippocampus CA1 and then CA3 was electrostimulated with a bipolar electrode. The calcium 
imaging and extracellular activity of CA1 were then simultaneously recorded. Figures 10 and 11 
show the changes in the calcium imaging and extracellular electrophysiology signals, 
respectively. Similarities between calcium imaging ROIs and extracellular recording frequency 
bands were observed. The low correlation value could be due to the distance of the electrode 
from the neuron that is in the frame of the image sensor. Extracellular recording is a contact 
technique that can record up to a distance of approximately only 1000 μm away from the 
electrode.(2) In addition, more animal experiments need to be conducted in the future to confirm 
the physiological significance of the obtained results, such as the decreasing power of the 
electrophysiological recording after stimulation and the incredibly high %ΔF/F0 of one ROI.
 The implantable electrophysiology–imaging sensor enables for the simultaneous 
measurement of optical and electrophysiological signals without the need for two devices, 
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minimizing implantation injury and unnecessary movement restrictions. The device can be 
improved in the future to include a multiple-electrode array to enable spike sorting or to 
chemically functionalize the electrode to enable more sensing modes such as fast-scan cyclic 
voltammetry.

5. Conclusions

 In this study, we developed a streamlined implantable electrophysiology–imaging sensor that 
does not use any hybrid elements. We achieved this by utilizing the waterproofing coating of the 
device for locally producing carbon with a laser on the CMOS chip electrode. This was a simple 
and very efficient method to make carbon electrodes since implantable imaging devices are 
typically coated with parylene-C as part of the fabrication process. We optimized the laser 
carbonization process at ambient atmosphere and found that this carbonization condition favors 
carbon formation at a lower laser power, as a higher laser power resulted in less carbonization. 
We confirmed the carbonization by XPS. Additionally, only a low-power laser produced 
electrochemically active carbon, which can be useful for future integrations with other brain 
sensing techniques. We then performed in vivo experiments with the ICIS with an integrated 
electrophysiological recording function to confirm that the device can simultaneously record 
extracellular electrophysiological and fluorescence signals.
 The facile carbonization process allows for the easy fabrication of multiple electrodes, which 
will be helpful in the future for spike sorting applications. Furthermore, we have the freedom to 
design the CMOS chip and adjust the electrode position, number, and size; we can even place 
electrodes within the imaging area. The electrode can also be functionalized by using different 
waterproofing polymer coatings to enhance sensitivity for electrochemical brain sensing 
techniques. 
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