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Highlights:

e Light-Based Precision in Neuroscience — Optogenetic techniques enable real-time, neuron-
specific measurement and control, surpassing traditional electrical and chemical methods.

e Next-Generation Brain Implants — Active optoelectronic semiconductor devices offer
miniaturization, multifunctionality, and enhanced imaging and stimulation capabilities.

e Toward a Future of "Photoceuticals” — Integrating optical diagnosis and treatment through
implanted devices paves the way for groundbreaking advancements in medicine and
neuroscience.

Abstract: Unlike traditional methods that implant passive optical components like fibers and rod
lenses, optoelectronic semiconductor-based devices directly implant active optoelectronic
semiconductors into the brain. This approach offers several advantages—the devices are compact and
lightweight, enabling measurement and control without hindering the movement of small animals like
mice. Additionally, it allows for simultaneous implantation of multiple devices, and integration with
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other functions. However, potential temperature increment and biocompatibility due to the active nature
of these devices are major drawbacks. This paper reviews novel optoelectronic semiconductor-based
devices for measuring and controlling brain nerve function. The advantages of brain-implantable
optoelectronic semiconductor devices for fluorescence imaging and photostimulation are highlighted.
We address potential limitations and propose future improvements, demonstrating their significant
potential to advance neuroscience and pharmacology.

Keywords: CMOS image sensors; implantable imaging devices; fluorescence imaging; light emitting
devices; photostimulation; optogenetics; neurotransmitters; electroceuticals; photoceuticals

1. Introduction

Genetic engineering advancements now allow for the measurement and control of neurons using light.
Optogenetic techniques enable the expression of light-responsive proteins like GCaMP [1], a calcium ion
sensor, and ChR2 [2], a photoactivatable ion channel, in specific neuron cells, allowing for precise
measurement and control using light [3,4]. Achieving such specificity with electricity is challenging,
highlighting the advantage of light-based methods. While chemical methods like microdialysis [5] can
measure neurotransmitters specifically, they struggle with real-time measurements. These neuron-specific,
light-based techniques hold promise in neuroscience, pharmacology, and medicine.

In such applications, it is often necessary to measure and control brain function in small animals,
such as mice, while they are freely behaving. This involves detecting fluorescence in the brain or
introducing light into the brain, typically by inserting optical fibers [6,7]. Alternatively, fluorescence can
be measured as 2D images using rod lenses (graded index (GRIN) lenses) [8,9]. Recently, a method of
directly implanting active optoelectronic semiconductor devices, like ultracompact complementary
metal-oxide—semiconductor (CMOS) image sensors and light-emitting diodes (LEDs) has been
proposed and demonstrated [10,11]. This method offers miniaturization, weight reduction, higher
performance, and multifunctionality compared to passive device implantation. Additionally, active
devices can cover a wider imaging and stimulation range than passive devices.

However, these active devices generate heat, necessitating thermal management. Their varied
materials require biocompatibility considerations. Exposure to electrical voltage poses electrolysis risks
in contact with tissue fluid, predominantly water, necessitating embedding in a high gas barrier material
to prevent water ingress.

This paper presents a case study of passive devices, such as optical fibers, implanted in the mouse
brain for fluorescence imaging. It then introduces a case study on active optoelectronic semiconductor
devices implanted in the mouse brain for fluorescence imaging, comparing their characteristics and
issues with the passive fluorescence imaging devices. Additionally, photostimulation devices, similar to
both passive and active devices, are discussed. Representative reports on active optoelectronic
semiconductor devices for brain implantation are reviewed, highlighting their advantages for
fluorescence imaging and photostimulation.

The use of active optoelectronic semiconductor devices implanted in the brain for measuring and
controlling biological functions holds promise for advancements in neuroscience, pharmacology, and
medicine. From an optical diagnosis and treatment perspective, the development of "photoceuticals,"
which integrates optical diagnosis and treatment with implanted active optoelectronic devices, is
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explored [12]. Finally, the paper summarizes the applications of these active devices in the brain and
discusses potential future directions.

2. Implantable devices for fluorescence imaging and photostimulation in the brain that enable
free movement

This section describes the current status of (1) implantable devices for fluorescence imaging of the brain
and (2) implantable devices for photostimulation of the brain.

2.1. Brain fluorescence imaging devices

Brain fluorescence imaging devices encompass optical fibers, head-mounted miniature fluorescence
microscopes, and brain-implantable ultracompact CMOS imaging devices. Figure 1 illustrates their
structures and characteristics. The optical fiber and head-mounted miniature microscope are passive
devices implanted in the brain, whereas the CMOS imaging device is an active brain implant.
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Figure 1. Concept and features of brain-implantable fluorescence imaging devices.

The optical fiber method is the simplest of the three. By inserting optical fibers into the brain,
excitation light can be introduced, and fluorescence detected using a single optical fiber, known as
optical fiber photometry, which is popular for its simplicity [5,6]. Ordinary optical fibers can measure
fluorescence intensity near the tip but not obtain fluorescent images. For imaging, an optical fiber bundle
(image fiber) is used [13]. While optical fibers are flexible, image fibers are harder to bend and have a
larger diameter, making them more invasive and restricting the movement of small animals like mice.
Plastic optical fibers, which are lighter and more flexible than silica glass fibers, have a loss factor that
is more than two orders of magnitude higher than silica glass fibers [14]. Therefore, care is needed when
using relatively long optical fibers, for example in experiments where mice are allowed to move freely.

A system using a GRIN lens instead of an image fiber has been reported; in this case, the GRIN lens
is connected to the image fiber [15]. The GRIN lens bends light by varying the refractive index in a
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parabolic shape from the central axis to the periphery of the glass, achieving the imaging effect of a
conventional lens, and providing clearer fluorescent images than image fibers. The one end of an image
fiber is connected to a GRIN lens and the other end is connected to a fluorescence microscope for imaging.

The GRIN lens method solves the problem of the optical fiber method in which image fibers restrict
the free movement of mice and other animals. In this method, a super-compact fluorescence microscope
device that can be attached to the head of a mouse is used to obtain fluorescence images [8, 9]. The
GRIN lens projects the image onto a CMOS image sensor mounted on the head to obtain a fluorescent
image. In this system, the output is an electrical signal; therefore, unlike image fibers, it is a flexible
electrical cable that does not interfere with the free movement of the mice.
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Figure 2. Structure of the head-mountable small fluorescence microscope. It mainly consists of a
CMOS image sensor to detect fluorescence images, an LED as an excitation light source, and a
GRIN lens to image a fluorescent target object (fluorophore). A dichroic mirror passes the
fluorescence signal but rejects the excitation light. An emission filter only passes the fluorescence
signal and rejects the excitation light. Drawn based on [9].

As shown in Figure 2, the head-mounted unit was equipped with an LED for excitation and the
fluorescence was emitted through the GRIN lens. The head-mounted ultracompact fluorescence
microscope includes a CMOS image sensor, an LED as the excitation light source, optical filters, lenses,
and other optical components [9]. A GRIN lens, inserted into the brain, connects to the optical system
in the head-mounted unit, enabling cellular-level activity measurement. However, with a typical
diameter of ~0.5 mm [9], the lens can damage brain tissue, and the head-mounted unit's weight,
approximately 2 g [9], burdens adult mice which has an average weight of 20-30g [16]. Additionally,
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simultaneous measurement at multiple locations is limited to areas distant from the unit to avoid
obstruction. Furthermore, similar to the optical fiber method using image fibers, the FOV (Field of View)
Is proportional to the GRIN lens diameter; increasing the FOV requires a larger diameter of the lens,
causing more brain damage.

Both the optical fiber and GRIN lens methods involve inserting passive devices such as optical fibers,
image fibers, or GRIN lenses into the brain. The CMOS device method involves the direct implantation of
an active device, an image sensor, into the brain [10], [11]. This method has minimal impact on the
behavior of small animals such as mice. This is because the connection is an electrical cable, as in the
GRIN method, which is more flexible than optical fiber, and also because it is lighter in weight. Moreover,
because the sensor is small, it is possible to implant two simultaneously. Because an image sensor is an
active device with a flat shape, its FOV is proportional to its area; therefore, it can have a larger FOV with
less damage than passive devices. Other advantages of the active device implantation method include the
ease of integration with other functions, such as electrodes on the image sensor.

Implantable active devices face three primary issues, the first being heat generation. An increase in
tissue temperature below 2<C generally does not affect cell functions [17,18]. Active devices produce
heat when powered, necessitating control of this heat generation. Effective strategies include designing
to minimize the device's overall power consumption and using pulse driving to manage heat output.

The second issue is the effects on and from body tissues. This is suitable for passive devices that are
mainly made of glass. However, for active devices, it may be necessary to cover the surface with a
biocompatible thin film, depending on the constituent elements. In addition, if water in the biological
environment enters the interior of the active device, electrolysis may occur near the wiring where the
voltage is applied and problems may occur during device operation owing to bubbling or pH changes.
Therefore, it is necessary to protect the entire device with a film that has good gas barrier properties
against water vapor. Parylene C is often used as a thin-film material because of its biocompatibility and
excellent gas barrier properties [19]. Parylene C is a suitable encapsulation material for image sensors
because it is transparent and has excellent electrical insulation properties.

The third issue is the detection of weak fluorescence under excitation. In fluorescence imaging, the
target is irradiated with an excitation light, and only the fluorescence from the target is detected. It is
necessary to detect a weak fluorescence under excitation light. In a normal fluorescence microscope,
where passive devices such as optical and image fibers are connected, the excitation light is suppressed
using a narrow-band optical bandpass filter (interference filter). The same is true for the mouse head-
mounted fluorescence microscopy system shown in Figure 2 [9]. However, it is difficult to remove the
excitation light even if such an interference filter is mounted on an implantable image sensor. This is
because the interference filter allows some of the fluorescence to enter at an angle [20]. In a normal
fluorescence microscope, both the excitation light and fluorescence are in the same optical path, or a
coaxial configuration. Using a coaxial optical system, only the vertically incident component of the
excitation light scattered by the biological tissue enters the image sensor, as shown in Figure 2. This
vertically incident component of the excitation light can be suppressed using a high-performance
interference filter (bandpass filter) installed in front of the image sensor. In contrast, in the implantable
image sensor device, as shown in Figure 4(c), the image sensor and the LED excitation light source are
not arranged in a coaxial configuration but are placed on the same plane. Therefore, the LED excitation
light scattered by the biological tissue enters the image sensor from various directions.
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Three methods were proposed to address this issue. The first involves using an absorption filter
instead of an interference filter [10]. Absorption filters are suitable because they absorb light above a
certain wavelength irrespective of the incident light's direction. However, steeply increasing the
absorption spectrum is challenging, making it hard to completely suppress excitation light [21]. This
issue can be mitigated by taking the difference between the current image and the reference image, if
the image sensor is not saturated. The second employs pulsed excitation light, starting imaging
immediately after the excitation light is turned off. Reports suggest using SPAD (Single Photon
Avalanche Diode) image sensors that can respond in under 10 s [11], enabling fluorescence detection
without an excitation light-cut filter. However, due to the complex signal processing circuitry of SPADs,
reducing power consumption is crucial. The basic concept was validated [11], and further advancements
are anticipated. In the third, a photogate controls the potential within the light-receiving element [22].
Requiring two images hinders real-time performance, and the challenge is to accurately calculate weak
fluorescence. Efforts are underway to demonstrate this principle in dry environments [22], with further
progress expected. Currently, the only device that has successfully recorded neural activity via
fluorescence in the mouse brain, addressing these issues, uses a CMOS image sensor with an
absorption filter [10].

2.2. Devices for optical brain stimulation
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Figure 3. Optical waveguide devices.

Light typically has minimal impact on living organisms, but optogenetic technology enables the
control of biological functions using light. Optogenetics manipulates cell activity by expressing light-
sensitive ion channel proteins in neural cells [23]. It is widely used in neuroscience and has potential
medical applications [23]. Light-sensitive proteins include excitatory ion channels like ChR2 [2] and
ChrimsonR [24] and inhibitory chloride pumps like halorhodopsin [25] and JAWS [26]. Key attributes
of these proteins are response speed, sensitivity, and excitation wavelength. A photostimulation device
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activates cells expressing these proteins by irradiating them with light, necessitating appropriate
response speed, light intensity, and emission wavelength.

Similar to the fluorescent imaging devices in Section 2.1, photostimulation devices enabling free
movement are categorized into passive and active types. The passive type is popular due to its use of optical
fibers, ease of use, and compatibility with existing light sources. However, light irradiation is confined to
the vicinity of the optical fiber's end face, making them unsuitable for wide-area stimulation [27].
Additionally, interference between optical fibers hinders photostimulation at multiple close points
smaller than the fiber's diameter.

The waveguide-type passive PS device shown in Figure 3 is compact, capable of forming multiple
waveguides [28], and can emit light perpendicular to the substrate surface [29]. Furthermore, the
integration of electrodes has also been reported [18]. Various active PS devices using LEDs have been
reported [30-34]. The fact that it is connected by an electrical cable, which makes it easier for the animal
to move freely, is also an advantage compared to passive devices. Multiple LEDs allow flexible and
large light irradiation areas and enable 2D array control of photostimulation. These devices are
particularly suitable for implantation in large animal brains, such as monkeys [30]. They are also easily
integrated with other modalities. For instance, an integrated device with an electrocorticogram (ECoG)
array in a monkey's brain has been documented [35,36]. These devices share issues with implantable
fluorescence imaging devices, such as heat generation and encapsulation. LEDs produce heat, so the
drive pulse pattern must be designed to prevent tissue damage. Using Parylene C as an encapsulation
material ensures biocompatibility and provides a high gas barrier [19].

3. Implantable fluorescence imaging devices; i-CIS device

This section reviews implantable active devices, a type of fluorescence imaging device discussed in
Section 2.1., covering their benefits and challenges. We describe an ultracompact CMOS imaging device
for GCaMP that can detect intracellular calcium ion level changes during neuronal excitation and express
as fluorescence changes.

3.1. Structure and features of the i-CIS device

A needle-shaped implantable CMOS imaging sensor (i-CIS device) can be implanted deep into the brain
[10,37-39]. Table 1 lists the i-CIS device specifications. The i-CIS device, fabricated using a 0.35 pm
standard CMOS process, has two imaging-area sizes: 40 <120 and 40 %90 pixels. Each pixel measures
7.5 x7.5 pm?, resulting in imaging areas of 300 <900 and 300 X675 pm?.

The i-CIS device structure is detailed in [37]. It comprises a CMOS image sensor chip and one or
two pu-LEDs on a flexible polyimide printed circuit (FPC), as illustrated in Figure 4(a). One variant
features a 300-pm length from the imaging-area edge to the tip, ideal for deep brain observation.
Another variant has p-LEDs on both sides of the imaging area, enabling less biased excitation. The
ultracompact device measures 680 pm in width, 225 pm in thickness, and weighs 0.02 g. It is coated
with biocompatible, waterproof parylene film, which is transparent and insulating. This design allows
the i-CIS device to be implanted in the mouse brain with minimal damage and without affecting the
mouse's behavior during imaging. Figure 4(b) displays the i-CIS with LEDs on both sides activated,
and Figure 4(c) shows its cross-sectional structure when implanted in the brain and neurons.
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Table 1. Specifications of the image sensor.

Chip size 450 pumx1568 pm 450 pumx1333 pm
Pixel number 40x120 4090

Image area size 300 um*x900 pm 300 umx675 pm
Fill factor 44%

Pixel structure 3T-APS

Technology TSMC 0.35 um standard CMOS 2-poly-4-metal process

The i-CIS device uses a 470 nm p-LED for targeting GFP, like GCaMP, and includes an absorption
filter to block blue LED light while transmitting GFP's green light. Figure 4(d) illustrates the spectral
characteristics of the blue LED's excitation, GFP fluorescence, and the filter's transmission properties,
showing some LED light leakage through the filter due to its gradual increase. Consequently, the GCaMP
fluorescence image in i-CIS is overlaid with this leakage light as background. To address this, i-CIS device
employs differential imaging to eliminate the background leakage. However, if the leaked excitation light
IS intense, then it can saturate the sensor output, rendering the differential processing ineffective and
preventing the acquisition of a clear fluorescent image, especially for pixels near the LED. This limitation
is a drawback compared to the filterless devices discussed in Section 2.1.
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Figure 4. The structure of i-CIS device. (a) Photographs of two types of i-CIS devices with different
numbers of p-LEDs. The square on the left is equipped with one p-LED, and the square on the right
is equipped with two p-LEDs. The left side is a side view, and the right side is a front view. An
absorption filter is installed on the surface of the imaging area. (b) Photograph of an i-CIS device
equipped with two u-LEDs with the LEDs lit. Scale bar in (a) 1 mm, (b) 5 mm. (c) A schematic
diagram of a cross-section of neurons expressing specific fluorescent proteins and an i-CIS device
implanted in the brain. (d) Power spectra of blue p-LED and the GFP excitation and emission, and
the transmission characteristics of the absorption filter. Figure 4 (a) is modified from [10].
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Figure 5(a) illustrates the i-CIS device implantation. The device, equipped with one or two p-LEDs,
raises concerns about heat generation when activated. To measure this, devices with two thermocouples
were simultaneously implanted in two sites in anesthetized mice brains without cementing. The results
are displayed in Figure 5(b-1), where the blue arrow indicates the LED activation and the green arrow
indicates deactivation. The devices were implanted in the dorsal raphe nucleus (DRN) and amygdala
(AMY). During the blue-light u-LED activation at 0.5 mA, thermocouples were positioned near the LED
and at the device tip, as marked by yellow circles in Figure 5(b-2). Upon activation of the LEDs, the
temperature briefly rose by 0.2—-0.3<C but quickly stabilized. After 1 hour, the temperature increase was
only 0.4-0.7<C. About 5 minutes after turning off the LEDs, the temperature decreased by 0-0.2 <C.
Given that a 2<T rise can influence neural activity [17,18], the temperature increase from the LEDs was
deemed insignificant. The CMOS image sensor in the i-CIS device features a simple design without
high-power components like operational amplifiers or analog—digital converters, resulting in low heat
production. Additionally, the LED operates at around 0.5 mA, with the total power consumption of the
I-CIS device being under 20 mW.
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Figure 5. Device implantation. (a) Conceptual diagram of device implantation. (b-1) Results of
temperature measurement after the device was implanted into the brain of a mouse and the mouse
was anesthetized without being fixed with dental cement. The blue arrow indicates when the LED is
on, and the green arrow indicates when the LED is off. (b-2) Photo of the thermocouples installed
for temperature measurement and the i-CIS device. The yellow circles indicate the locations of the
thermocouples. (¢) Photo of a brain slice with the device implanted in the VTA and its fluorescence
microscope image. The arrow indicates the device implantation position. The photo on the right is a
fluorescence microscope image of the area enclosed by the dotted line in the photo on the left. (d)
Photo of a brain slice with the device implanted in the DRN and its fluorescence microscope image.
(c) and (d) Arrow indicates device implantation position. The photo on the right is a fluorescence
microscope image of the area enclosed by the dotted line in the photo on the left. Scale bar: 300 m
in (b-2), 200 pm in (c) and (d). Figure 5 (b-1) Caption [37].

The implantation position and fluorescent protein expression were confirmed post-imaging. Figure
5(c) shows coronal sections of a mouse brain injected with adeno-associated virus (AAV) into the ventral

9
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tegmental area (VTA). The red arrow indicates the device insertion site. The device was embedded
vertically, with the imaging area facing the brain's center. The fluorescence micrograph in Figure 5(c)
confirms fluorescent protein expression in dopaminergic neurons using a red marker. The dotted arrow
shows the implantation site, capturing dopamine cells. Figure 5(d) mirrors Figure 5(c) but with AAV
injected into the DRN, marking serotonin neurons with a red fluorescent marker. In Figures 5(c) and (d),
the yellow square in the left image is enlarged in the right fluorescence micrograph.

The imaging system included a control board, relay board, power supply, and systems for recording
fluorescent images, along with a monitoring camera to capture and record mouse behavior
simultaneously (Figure 6(a)). Figure 6(b) illustrates the experimental setup with freely moving mice.
Calcium imaging data were obtained at approximately 10 frames per second (fps), and mouse behavior
was monitored and recorded at ~30 fps using a video camera. Figure 6(c) presents a video of a freely
moving mouse implanted with two i-CIS devices, showing concurrent changes in fluorescence intensity.
The image at a specific time, such as during stimulation, can be used as the baseline (Fo), and the
fluorescence difference image (AF) and fluorescence difference ratio image (AF/Fo) from this baseline
are calculated and displayed. Figure 6(d) depicts the algorithm for automatically extracting the region
of interest (ROI) with the notable changes in fluorescence intensity [40].
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Figure 6. Fluorescence imaging system and analysis. (a) Conceptual diagram of fluorescence
image recording system and mouse behavior recording system. (b)photo of the actual imaging
system. (c) Photo of CIS_OS dual imaging GUI. This system can simultaneously record images
from a monitoring camera observing mouse behavior. (d) Regions of interests (ROIs) algorithm
overview. Schematic of ROI selection algorithm using color map (dark green for low values and
bright yellow for high values). Figure 6 (d) Caption [40].

i-CIS devices lack a lens, preventing them from focusing on fluorescing neurons, making the image
quality distance-dependent. The i-CIS mechanism for capturing in vivo fluorescent images has been
analyzed based on fluorescence intensity and scattering relative to the device surface [39]. To ensure

10
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that the regions selected from the image obtained by AF/Fo are not arbitrary, it is essential to localize
and extract fluorescence intensity changes and separate the signal from the noise. An algorithm for ROI
selection, involving adaptive binarizations with Gaussian and morphological image processing, was
validated using both simulated and real data in free-moving conditions [40].

3.2. Examples of experimental results using the i-CIS device on freely moving mice

Here, we review four examples demonstrating the advantages of i-CIS devices.

(1) Dual implantation
(2) Imaging with another modality

(3) Measurement of neural activity in layered structures in the dorsoventral (DV) direction

(4) Integration with electrodes on a chip

3.2.1. Dual implantation

(b)

i-CIS device|

Figure 7. Dual implantation. (a)Photograph of a mouse with two i-CIS devices implanted in the
DRN and AMY. Both i-CIS devices were implanted facing the midline, and in particular, in the
DRN, the device was implanted at a 25<caudal angle to the vertical. (b) Schematic diagram of
the mouse brain with the i-CIS devices implanted and serotonin neurons. (c) Calcium traces of
specific ROIs. The graphs on the left show the time course of the change in fluorescence intensity
(AF/F0) in each ROI of GCaMP6 in the DRN and AMY of mice that were injected with formalin
to cause pain, and the images on the right show the fluorescence intensity (AF) of the imaging
area. Figure 7 (c) Caption [12].
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An example of observing neural activity during free movement is demonstrated by implanting the
device at two locations simultaneously [37]. Pain is an immediate and powerful aversive event that
activates associated brain regions with short latency; the neural network of pain-related signals is well-
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documented [42-44]. Using G-CaMP6 mice, two locations were simultaneously imaged: the DRN, a
nucleus in pain regulation housing serotonergic neurons [45], and the capsular-lateral central amygdala
(CeLC), considered central to pain signal processing [46,47]. Serotonin neurons in the DRN partially
project to the CeL.C [48]. Both regions are involved in pain modulation [49] and are part of the system
processing aversive stimuli and stress [50,51]. Figure 7(a) displays a mouse with the implanted device,
while Figure 7(b) presents a conceptual diagram of the device. The device can be implanted in the DRN
at a caudal angle of 25<taking into account the location of the ventricles and blood vessels, targeting the
CeLC within the AMY. In this study, 2% Paraformaldehyde (PFA) was injected into the mice's hind
paws to induce pain, with phosphate-buffered saline (PBS) as a control. Figure 7(c) shows representative
fluorescence intensity changes and a time-lapse of these changes. Results indicated that pain stimulation
increased neural activity in these regions.

The ROIs selected here were determined from the AF images and therefore were not automatically
selected. This issue is resolved using the algorithm detailed in section 3.1.

3.2.2. Simultaneous imaging and another modality
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Figure 8. Simultaneous implantation of an imaging device with other modalities. (a) Photograph of
a mouse implanted with the an i-CIS device and two microdialysis probes. (b) Schematic diagram
of the mouse brain and serotonin neurons implanted with the i-CIS device and two microdialysis
probes. (c) Representative examples of the average fluorescence changes every 5 min in the formalin
and PBS groups. (d) Regions where fluorescence changes occurred were automatically extracted as
ROIs using the analysis algorithm shown in Figure 3 (d) (left). Time lapse of the fluorescence
intensity changes in each ROI (right). () Heat map of the fluorescence intensity changes over time
in each ROI shown in (d). (f) Changes in serotonin concentrations in the CeA and ACC measured
every 15 min by microdialysis. All figures except Figure 8 (b) are taken from [11].

The advantages of the i-CIS device are its light weight and miniaturized, which allows other
techniques such as microdialysis and electrophysiology to be used with the device. An i-CIS device was
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implanted into the DRN of G-CaMP6 mice, and simultaneously microdialysis probes were implanted
into the central nucleus of the amygdala (CeA) and anterior cingulate cortex (ACC) to measure serotonin
release in response to pain stimuli [38]. Serotonin neurons in the DRN project to various brain regions,
including the CeA and ACC. The CeA regulates emotions [55] and is crucial for pain [54], anxiety [55],
and depression [56] as a center for nociceptive-specific information. The ACC is also a critical cortex
area involved in pain processing and chronicity [57,58].

Figure 8(a) depicts a mouse with devices implanted in three regions, and Figure 8(b) presents a
conceptual diagram. Figure 8(c) displays representative images of the average fluorescence change every
5 minutes in the formalin and PBS groups. Regions with large changes in fluorescence intensity were
automatically selected by analysis using the algorithm detailed in section 3.1. This analysis addressed the
issue of possible arbitrary ROI selection. Changes in fluorescence intensity over time for each ROI are
shown in Figures 8(d) and 8(e). Neural activity was significantly higher in the formalin group compared
to the normal group. Increased calcium fluorescence intensity during the acute and inflammatory phases
indicates a biphasic pain response [59], confirming the biphasic pattern observed in the previous
subsection. Figure 8(f) depicts serotonin concentration changes over time during microdialysis at the CeA
and ACC projection sites. Microdialysis results did not show a biphasic effect. Samples were taken every
15 min, and images were acquired at approximately 10 fps, indicating potential differences in temporal
resolution. The study measured left-right differences in pain stimulation, finding that contralateral
stimulation increased DRN fluorescent activity. Microdialysis indicated that CeA serotonin concentration
increased only after contralateral stimulation, while ACC serotonin release responded bilaterally. These
significant results, obtained by simultaneous measurements in the same animal, are a benefit of the i-CIS
device, as it allows simultaneous implantation of different modalities. Here, the analysis program described
in Section 3.1 was used, so that non-arbitrary ROIs were automatically selected, overcoming the challenges
in the previous subsection, 3.2.1.

3.2.3. Measurement of neural activity in layered structures in the DV direction

Because i-CIS devices are long in the direction of insertion, which is the dorsoventral (DV) direction, it
is easy to observe the distribution of neural activity in the DV direction. This is advantageous because
each area of the brain is often distributed in the DV direction. This is in contrast to passive devices such
as GRIN lenses and image fibers, which observe the surface perpendicular to the direction of insertion.
An example of the i-CIS device's advantages, specifically its ability to measure brain activity in the DV
direction, is demonstrated by an imaging experiment in the hippocampus [21]. Temporal lobe epilepsy
(TLE), the most common focal epilepsy [60, 61], is believed to originate from neural firing in the
hippocampal dentate gyrus (DG). Research links the DG with other hippocampal areas and the CA1 and
CAZ3 layered structures. Previous fiber photometry studies have noted regional hippocampal differences
in TLE [62, 63]. This study, however, simultaneously observed the same event's layered structure in the
same individual, capturing time and intensity differences in each layer, highlighting the i-CIS device's
ability to simultaneously observe images in the DV direction.

An i-CIS device with two LEDs was implanted into the hippocampus of G-CaMP6 mice, a relatively
shallow brain region. Figure 9(a) presents a conceptual diagram. Figures 9(b) and (c) illustrate a 40 x<
120 pixel imaging area covering the hippocampus, divided into CA1, interlayer, and DG regions for
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analysis. Imaging experiments were conducted for 1 h under freely moving conditions, followed by
continuous recording post intraperitoneal kainic acid (KA) injection to induce epileptic symptoms.
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Figure 9. Measurement of neural activity in vertically oriented layers. (a)Schematic diagram of a
mouse brain fitted with the i-CIS device. (b) Photograph of a mouse brain slice after the imaging
experiment. The three boxed areas correspond to the layered structures of the hippocampus: CA1
(blue box), intermediate layer (purple box), and DG (orange box). The dotted box corresponds to
the device implantation area. (c) Photograph of the i-CIS device and the three imaging areas
corresponding to the three layers of the hippocampus. (d) Changes in fluorescence intensity over
time in each of the three layers (top graph in (d). Three characteristic waves of Waveform 1,
Waveform 2, and Waveform 3, are shown. Images when characteristic changes in fluorescence
intensity occurred (bottom image in (d)). (CAL, blue; intermediate layer, purple; DG, orange) (e)
Peak calcium amplitude (left) and frequency (right) of the three waveforms in each layer. (Two-
way ANOVA, *P < 0.05, **P < 0.005). (N =6, 5, 3 for Wave 1, Wave 2, Wave 3). All figures
except Figure 9 (a) are taken from [13].

Injecting KA is a recognized method for inducing seizures due to its excitotoxic properties [60,61].
The upper graph in Figure 9(d) displays the fluorescence intensity over time, revealing characteristic
epileptic waveforms (wavel, wave2, and wave3). These waveforms match those from previous studies
[62,63], confirming the i-CIS device's accuracy in recording neural signals. The images below illustrate
changes in these waveforms.

Temporal differences in fluorescence intensity across the three regions were quantified by
measuring amplitudes and frequencies, as shown in Figure 9(e), highlighting interlayer variations.
Epileptic symptom stages were determined from the accompanying videos. Machine learning
techniques, including long short-term memory and hidden Markov models, were utilized to classify
seizure calcium activity and predict seizure behavior using multilayer image data.

14



Neuroelectronics Review

Implanting the device in two locations simultaneously to observe CA3, CA1l, and DG in the
hippocampus can help identify temporal differences in amplitude and frequency, potentially leading to
new findings valuable for future epileptic seizure treatments.

3.2.4. Integration of device and laser-carbonized electrode

Electrophysiological methods measure neural activity in the brain. Devices compatible with
fluorescence imaging offer several benefits. We report on two integrated device types: one using a hybrid
of separate FPCs [64], and another with an electrode fabricated by ball bonding integrated into the
imaging device, with excitation light separately implanted [65]. In the new method introduced here,
aluminum pads for electrodes are integrated at the CMOS chip design stage. An electrode is then
fabricated by carbonizing the parylene film on the aluminum pad after waterproof and biocompatible
parylene evaporation in the final fabrication process [66]. Figures 10(a) and 10(b) show a diagram and
photograph of the device with integrated electrodes and a magnified photograph of the electrode. The
laser-induced carbon electrode was characterized by cyclic voltammetry, electrochemical impedance
spectroscopy, and X-ray photoelectron spectroscopy to confirm carbonization [66, 67].
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Figure 10. Integration of the i-CIS device with the laser carbonized electrode. (a) Schematic and
photograph of the i-CIS device integrated with the laser carbonized electrode. (b) High
magnification image of the i-CIS device imaging area and the laser carbonized electrode. (c)
Schematic of the i-CIS device imaging area, the laser carbonized electrode, and the insertion
location of the bipolar stimulating electrode. (d) Average image of fluorescence activity containing
ROIs in the region from the hippocampus to the cerebral cortex (left) and a pseudo color time
course of each ROI (right). (e) Results measured with a laser-carbonized electrode. Changes in
FFT amplitude from baseline for 9, 0, o, and B (left graph), and low v, high v, and ripple bands in
extracellular recordings (right graph). All figures caption [14].
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The fabricated device was implanted into a mouse hippocampus, as illustrated in Figure 10(c). The
bipolar electrode electrically stimulated the pyramidal cells in CA1, and neural activity was propagated to
CAl via Schaffer collaterals, and fluorescent imaging and extracellular potential measurements were
performed in CAL. (Figures 10(d) and 10(e)). Fluorescence imaging results (Figure 10(d)) align with the
hippocampus's layered structure and parts of the cerebral cortex (Figure 10(c)). Extracellular data analysis
involved calculating the fast Fourier transform (FFT) amplitude change in various frequency bands from
baseline levels, revealing a significant decrease post-stimulation in all bands except ripple and 8. This pattern
mirrors the fluorescence signal progression in ROI 42 of the calcium imaging data. Increased activity in the
ripple bands may correlate with heightened activity in ROl 37. These findings indicate that the implantable
electrophysiological image-sensing device can concurrently record extracellular electrophysiological data
and perform calcium imaging. Future research could explore the correlation between changes in extracellular
potential and fluorescence intensity by adjusting electrode positions within the imaging area.

4. Implantable photostimulation device—PS device
This section reviews photostimulation devices based on LEDs described in Section 2.2.

4.1. Structure and features of PS device
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Figure 11. Characteristics of linear-type optical stimulation device. (a) The photos of the line type of
PS device. scale bar: 5 mm (b) Graphs of the temperature measurement of the LED on the photo
stimulation device implanted in the rat brain during operation. The numerical results and photo
stimulation conditions are shown in Table 3. (¢) Optical transmission measurements for PS device (line
type) in rat brain slices. The photos of PS devices placed under rat brain slices in operation are shown
in (c-1)-(c-8). The thickness of the rat brain slices is 300 pm for (c-1) and (c-5), 500 pm for (c-2) and
(c-6), 1000 pum for (c-3) and (c-7), and 1500 m for (c-4) and (c-8). All scale bars in (c) denote 1000
pm. The light intensity distribution is indicated in (c-9) and (c-10). (d) Optical power measurements
for red or blue LEDs. (d-1) Schematic of the setup for measuring illumination power. A power meter
receives light that passes through a thin rat brain slice. (d-2) Graph of light intensity change with different
input currents and brain tissue thicknesses. All figures except Figure 9 (a) are taken from [19].
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We first describe the characteristics of the LED used for photostimulation, including thermal
and red and blue power transmittance measurements [30]. To activate ChR2 or ChrimsonR,
nonselective cation channels used in optogenetics, the PS device contained blue (470 nm) or red
LEDs (620 nm). In general, the minimal light power density required to activate ChR2 and
ChrimsonR is defined as Psim, which is 1 mW/mm? [68]. Unlike the prolonged imaging described in
Section 3.1, optical stimuli involved short-duration light exposure. However, since the PS device is
implanted in or on the brain and uses a high-power LED, the heat generated to achieve this intensity
density was a concern, confirmed in this study. Figure 11(a) illustrates the linear PS device for
ChrimsonR, while Figure 11(b) presents the temperature characteristics measured under the
experimental light stimulation conditions. Rat experiments involved 5 minutes of red LED
stimulation for ChrimsonR (Figure 11(b-1)), and monkey experiments involved 10 minutes of blue
LED stimulation for ChR2 (Figure 11(b-2, 3, 4)), so the temperature measurements were performed
under the same conditions. Measurements were performed by placing thermocouples on the PS
device LEDs and inserting them onto the rat brain surface. Table 2 details the measurement
conditions and resulting temperature increases. Rats were anesthetized without dental cement
fixation. Under the most extreme conditions (Figure 11(b-4)), the maximum temperature rise was
less than 2<C. Given that temperature increases would be mitigated by cerebrospinal fluid and blood
flow when fixed with cement or in freely moving rats, these findings suggest minimal impact of the
PS device on neurons under the specified photostimulation conditions.

Table 2. Temperature measurement and photo stimulation conditions.

e e Gt Py Dy fie | Tenporture
(b-1)  red linear 3.0 2.0 20.0 5.0 0.40
(b-2)  blue planar 2.0 2.0 40.0 10.0 0.89
(b-3)  blue linear 3.0 2.0 20.0 10.0 0.36
(b-4)  Dblue linear 3.0 1.0 40.0 10.0 0.61

Light transmission in rat brains was examined using ChrimsonR and ChR2 PS devices. Fixed rat brain
sections (300, 500, 1000, and 1500 pm) were placed on a linear-type PS device, and images of the sections
were taken, as shown in Figure 11(c). Figures 11(c-9) and 11(c-10) present graphs of the light spread from
the PS device for ChrimsonR and ChR2. Figure 11(d-1) depicts the setup schematic for measuring
illumination power relative to the thickness of the brain slices on each PS device, with results shown in
Figure 11(d-2). The red LED penetrated deeper than the blue LED, consistent with prior findings that brain
tissue absorption is similar for both wavelengths, but scattering affects blue light more [69,70]. LED
injection currents above 3 mA were sufficient to activate ChR2 channels in the rat brain at a 1 mm depth.
In monkey experiments, activating ChR2 in the prefrontal cortex (PFC) was necessary. Histology indicated
ChR2 expression at less than 0.5 mm below the PFC surface [17,18], demonstrating that a 2-mA injection
current suffices to stimulate ChR2 in the monkey PFC.

4.2. Example of experimental results using the PS device on freely moving mice
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Similar to Section 3.2, herein, we examine previous studies showcasing the benefits of PS devices,
including the ability to directly irradiate arbitrary and deep areas with design flexibility. Utilizing this
flexibility, we will look at two types of PS devices: linear and ring, tailored for area-specific
photostimulation. For monkeys, a device was developed for region-selective photostimulation over a large
area. To study the activation of light-activated proteins, a microdialysis device was implanted at the
projection site of the light-stimulated neurons to measure neurotransmitter concentrations.

4.2.1. PS device for rodents

™ Dopaminergic
i neuron

Figure 12. Photo-stimulation device for rodent. (a) Photos of the PS device for rodents. The photos
of the line type of PS device show in (a-1)-(a-3). The photos of the ring type of PS device show in
(a-4)-(a-6). Scale bar: 3 mm in (a-1) and (a-4), 1 mm in (a-2), (a-3), (a-5), and (a-6). (b)
Measurement of dopamine concentration changes using microdialysis with a PS device. The top
diagrams show the schematic diagrams of the implantation position of the PS device and
microdialysis probe in the rat brain, the middle diagrams show the results in a rat brain expressing
ChrimsonR, and the bottom diagrams show the results in a wild-type rat brain not expressing
ChrimsonR. (b-1) The line-type PS device was implanted in the PFC, and the microdialysis probe
was also implanted in the PFC. (b-2) A ring-type PS device was placed on the brain surface, and the
microdialysis probe was passed through a hole in the ring and implanted in the PFC. (b-3) The line-
type PS device was implanted in the VTA, and the microdialysis probe in the PFC. The gray
horizontal line in the graph indicates the PS time period, 5 minutes. The number of trials; N is shown
in each graph. Error bars indicate standard deviations All figures are taken from [30].

Two types of PS devices, linear and ring, were fabricated for rodents. To evaluate the PS device,
the light-sensitive protein ChrimsonR was expressed in the rat VTA of the mesolimbic dopaminergic
system, and a PS device with red LEDs and a microdialysis probe was implanted in the PFC to measure
dopamine levels [30]. AAV-DJ-Syn-ChrimsonR-tdTomato was injected into the VTA of rats, PS
devices were implanted in the VTA or PFC, and microdialysis probes were implanted in the PFC.
Control experiments were carried out in the same way without AAV injection. AAV expression was
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confirmed using tdTomato as a marker. Figure 12(a-1), (a-2), and (a-3) illustrate thin, needle-like
linear PS devices that are easy to insert and minimally invasive to brain tissue. Figure 12(a-4), (a-5),
and (a-6) depict ring-type PS devices, which allow for the insertion of a microdialysis probe into the
central hole to measure neurotransmitter levels in the PFC below the cortex using light stimulation,
benefiting from micro-LEDs. Figure 12(b) details the PS device and microdialysis probe placement, a
schematic of dopamine neurons, and measurement results in rats with and without ChrimsonR
expression, under the photostimulation conditions listed in Table 2 (b-1). All microdialysis probes
were implanted in the PFC, but the PS device types and implantation sites varied: linear-type PS
device/PFC (Figure 12(b-1)), ring-type PS device/PFC (Figure 12(b-2)), and linear-type PS
device/VTA (Figure 12(b-3)). Dopamine levels remained unchanged in control rats post-
photostimulation. However, in ChrimsonR-expressing rats, dopamine levels in the PFC rose

immediately after stimulation, indicating the PS device’s efficacy for photostimulation.
4.2.2. PS device for monkeys

AAV-DJ-CAG-ChR2(H134R)-tdTomato was injected into the monkey VTA. Two types of PS
devices were created: a linear type with three LEDs and a planar type with 6 <8 LEDs for dopamine
measurement via microdialysis [30]. Photographs of these devices are shown in Figures 13(a) and
13(b). The planar PS device, featuring 6 <8 LEDs, allows six vertical LEDs in Figure 13(b) to be lit
simultaneously and eight rows to be selectively activated. p-LEDs offer the advantage of stimulating
a large 9 6.5 mm? area and provide design flexibility. To measure neurotransmitter levels in the PFC
beneath the cortical surface, a PS device with nine holes for microdialysis probes was designed. The
positions of the PS device and microdialysis probe, a schematic of dopamine neurons, and the
measurement results are depicted in Figures 13(c) and 13(d). The photo stimulation conditions were
the same as those in (b-4) and (b-2) of Table 2, respectively. Microdialysis collection and
measurements were the same as those in the rodent model, with probes implanted in the PFC.
However, the PS device type and implantation position varied. As Figure 13(c-1) illustrates, a linear-
type PS device was implanted in the VTA, located using MRI and CT [68]. Under weak conditions
(Psiim < 1 mW/mm?) with a 1 mA LED current, dopamine concentration remained unchanged post-
photostimulation, consistent with Section 4.1 results (Figure 13(c-2)). Conversely, under pulse
conditions with a 3 mA LED current and 20% and 40% duty ratios (Psim > 1 mW/mm?), dopamine
concentration increased post-photostimulation (Figure 13(c-3)). Figure 13(d-1) depicts the
experimental setup with a planar PS device and microdialysis probe in the PFC. Figure 13(d-2) shows
the position of each hole in the PS device. Dopamine concentration measurements using holes 3 and
8 are presented in Figures 13(d-3) and (d-4), respectively, with dopamine dialysates collected
simultaneously from both holes.
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Figure 13. Photo-stimulation device for monkeys. (a) Photographs of the line-type PS device for
monkeys and explanatory diagrams of its structure. The photos of the line-type of PS device show
in (a-1), (a-3), and (a-4). The structure of the line-type PS device is shown in (a-2) and (a-5). Scale
bar: 1 cm in (a-1), 500 pm in (a-3, a-4, and a-5). (b) Photograph of the planar-type PS device for
monkeys and an explanatory diagram of its structure. #1 to #9 in the figure are holes for inserting
microdialysis probes. Scale bar: 1 cm in (b-1), 1 mm in (b-2). (¢) Measurement of dopamine
concentrations using a line-type PS device implanted in the VTA and microdialysis in the PFC. A
schematic diagram is shown in (c-1). The results of dopamine concentration are shown in (c-2) and
(c-3). (d) A planar-type PS device was placed on the brain surface, and the microdialysis probe was
passed through a hole of the PS device and implanted in the PFC. A schematic diagram is shown in
(d-1). The positions of each hole are indicated in (d-2). The results of measuring dopamine
concentration using different positions of the holes for inserting the microdialysis probe are shown
in (d-3) and (d-4), respectively. The light blue horizontal line in the graph indicates the PS time
period, 10 minutes. All figures are taken from [30].

4.3. Evaluation of PS devices in studies of optogenetics

Optogenetics, utilizing light-sensitive proteins and genetic engineering, has significantly advanced
the understanding of neural connections and functions by activating or inhibiting specific neurons,
and has facilitated behavioral studies in animals, including primates. Despite numerous reports on
behavioral changes due to optogenetic light stimulation, few have detailed the measurement of
neurotransmitter release or its properties following photostimulation. This report provides
scientifically verified findings using photostimulation devices. Moreover, the results corroborate
previous studies that used photostimulation with electrophysiology or fast-scan cyclic voltammetry
to investigate dopaminergic neuron projections via ChR2 expression in rodents [72,73].

20



Neuroelectronics Review

5. Photoceutical devices—optical diagnostic and therapeutic devices

Section 3 discusses implantable fluorescent imaging devices that monitor neuronal activity by imaging
changes in the fluorescence intensity of the GCaMP6 protein in neurons. Section 4 reviews implantable
photostimulation devices that modify neuronal activity using LED lights. From a medical standpoint,
measuring neural activity through fluorescence imaging can aid in disease diagnosis, while
photostimulation to control neural activity can be utilized for treatment purposes. This approach paves
the way for a system that integrates both diagnosis and therapy using implantable optoelectronic devices,
referred to as "photoceuticals.” Next, we will discuss photoceuticals.

Figure 14 compares photoceuticals with pharmaceuticals and electroceuticals. Pharmaceuticals,
which use medicines, can have specific effects but also cause systemic side effects. Electroceutical
devices, currently under research [74], treat affected areas locally, potentially reducing side effects.
Combining these devices with measurement tools allows for closed-loop processing, which may lead to
early diagnosis and effective treatment. An example is an epileptic seizure treatment device [75], where
an ECoG device on the brain surface detects seizure signs, and electrodes in the brain electrically
stimulate to suppress seizures. However, electrical measurement and stimulation lack specificity. For
instance, electrophysiological measurements struggle to identify if targeted cells are activated, and
electrical stimulation affects all cells around the electrode, potentially causing side effects.
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Figure 14. Concept of Photoceuticals compared to Pharmacetuticals and Electrocetuticals [12].

Genetic engineering enables precise light-based measurements and stimulations, allowing ultrasmall
implanted optoelectronic devices to facilitate early diagnosis and treatment, termed photoceutical
devices [12]. Implantable CMOS imaging devices and LED light stimulation devices, which support
free movement, have potential applications as photoceuticals. The next section discusses the
development efforts for these devices.
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5.1. Example of experimental results as the beginning of photoceutical system

To date, fluorescence imaging using optogenetics as alternatives to traditional electrophysiology have
been explored. In the search for a photo-pharmacological system, we discuss several examples:
observing postsynaptic receptors in a pharmacologically effective neural circuit, combining optogenetics
with immunostaining for pharmacological elucidation, integrating ECoG with a photostimulator to
demonstrate human application in primates, and combining a PS device with an i-CIS device for
simultaneous observation and treatment. Additionally, we present research on integrating brain—-machine
interfaces (BMIs) with photostimulation and capturing entire neural circuits, highlighting the potential
of the photoceutical system for simultaneous observation and treatment in humans.

5.1.1. Fluorescence imaging using an i-CIS device in the nucleus accumbens of mice expressing
dLight1.2 upon drug administration

In the mesolimbic reward system, dopamine neuron activity from the VTA to the nucleus accumbens
(NAC) is crucial for regulating memory, emotions, motivation, behavior, and addiction [76,77]. Imaging
devices help visualize how different drugs affect dopamine release, aiding addiction treatment. Recently,
diverse AAVs and neurotransmitter receptor-side biosensors have become prevalent. dLightl.2, a
fluorescent protein, increases in intensity when dopamine binds to its receptor [78]. Using the i-CIS
device, the release of dopamine can be visualized in real-time by tracking dLight1.2 fluorescence
changes in the NAc, measuring dopaminergic neuron activity from the VTA to NAc [79].
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Figure 15. Fluorescence imaging using an i-CIS device in the NAc of mice expressing the
dLight1.2 upon drug administration. (a) Schematic diagram of the mouse brain with an i-CIS
device is indicated in (a-1) and schematic diagrams of the relationship between dopamine neurons
and GABAergic neurons in the mesolimbic pathway upon drug administration in (a-2). (b) The
time course of the averaged image every 5 minutes (top) and the numerical graph (bottom) of the
image in the NAc upon morphine administration. (c) The time course of the averaged image every
5 minutes (top) and the numerical graph (bottom) of the image in the NAc upon cocaine
administration. All figures are taken from [79].
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Figure 15(a-1) depicts the mesolimbic pathway and the i-CIS device implanted in the NAc. Figure
15(a-2) illustrates the connections between dopaminergic and GABAergic neurons and their interaction
with drug action. Figures 15(b) and (c) display changes in fluorescence intensity in the NAc following
morphine and cocaine administration, respectively. While both drugs target dopaminergic neurons,
morphine inhibits opioid receptors at presynaptic terminals [80], and cocaine obstructs dopamine
transporter (DAT) proteins [81]. A 4-h imaging experiment demonstrated the differing kinetics of
dopamine release in the NAc induced by these drugs, enabled by i-CIS devices' benefits in
pharmacological studies. The i-CIS device, being lightweight and compact, along with its lightweight
relay board and cables, permits extended observation of mice without causing stress. Additionally,
intraperitoneal injection or oral administration can be easily conducted during imaging, making the i-
CIS device ideal for studying pharmacological dynamics.

5.1.2. Evaluation of drug effects using a photostimulation and microdialysis system

We described the evaluation of photostimulation devices in anesthetized rats and the measurement of
neurotransmitter concentrations during microdialysis in Section 4.2.1. Here, we present an optogenetic
experiment under free-moving conditions using mice expressing ChrimsonR in the VTA [82].

Figures 16(a)-(d) illustrate an overview of dopaminergic neurons in the mouse VTA with a PS
device and NAc with a microdialysis probe, a photograph of the mouse during the experiment (notably
during light stimulation), the relationship with GABAergic neurons, and a section of the perfusion-fixed
brain post-experiment showing the implantation site. Transgenic mice expressing DAT-dependent Cre
were used to study GABAergic neurons' involvement in dopamine neurons. EFla-D1O-Chrimson-R-
mRuby2-KV2.1 was injected into the VTA of DAT-cre mice to express ChrimsonR specifically in
dopaminergic neurons, while CamKlla-ChrimsonR-mScarlet-KV2.1 was injected into the VTA of wild-
type mice to express ChrimsonR non-specifically. Figure 16(e) shows the change in dopamine
concentration in the NAc before and after photostimulation for three different cases. Figure 16(e-1)
presents results from mice with ChrimsonR expressed specifically in dopamine neurons. Figure 16(e-2)
displays results from mice with ChrimsonR expressed non-specifically in dopamine neurons. Figure
16(e-3) shows results from mice with non-specific ChrimsonR expression in dopamine neurons
intraperitoneally injected with bicuculline, a GABAA receptor antagonist [83]. Microdialysis indicated
that photostimulation in the VTA specifically targeting dopamine neurons increased dopamine
concentration. In contrast, non-specific photostimulation did not increase dopamine concentration.
However, non-specific photostimulation combined with GABAA receptor suppression via bicuculline
increased dopamine concentration. These findings, supported by immunostaining (details in [82]),
elucidate the interaction between GABAergic and dopamine neurons (Figure 16(a)).

The PS device and system proved effective in pharmacological experiments, enabling
intraperitoneal drug injection without stressing the mouse during imaging, thus allowing proper
observation of drug efficacy. Optimal conditions for light stimulation, such as frequency, duration, and
rest intervals, remain to be fully determined. Additionally, to prevent synaptic vesicle depletion, more
effective conditions are needed. However, in optogenetic experiments, pulsed photostimulation
mitigates the issue of temperature rise.
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Figure 16. Evaluation of drug effects using a photo-stimulation and microdialysis system. (a)
Schematic diagram of the mouse brain with a device and a microdialysis probe implanted and
dopamine neurons. (b) Photograph of a mouse undergoing photo-stimulation under free-living
conditions. (c) schematic diagram of the relationship between dopamine neuron with GABA
receptors and GABAergic neuron in the mesolimbic pathway. (d) Photographs of mouse brain
slice. (d-1) Photomicrograph of a coronal slice of mouse brain at NAc, showing the position of
the microdialysis probe superimposed. (d-2) Coronal slice of mouse brain at VTA, showing the
position of PS device implantation, LED array area (red line in the figure), LED irradiation area
(light red square in the figure), and AAV injection position (green star in the figure). Scale bars:
3000 pm (d-1), (d-2). (e) In the order of (e-1) to (e-3), mice expressing ChrimsonR specifically
in the VTA of dopaminergic neurons, wild-type mice expressing ChrimsonR non-specifically
in the VTA of dopaminergic neurons, and wild-type mice expressing ChrimsonR in the VTA
that were injected intraperitoneally with bicuculline were used. The red line in the graph
indicates the 5-minute period during which photo-stimulation was performed. All figures are
taken from [31].

5.1.3. Combined LED/ECoG array device for monkeys

BMI technology is under development [84—86], connecting the brain to machines. This review discusses
an integrated PS device and ECoG for electroencephalography as a BMI method [35]. Macaque monkeys
with bilateral VTA regions injected with AAV2.1-Syn-ChrimsonR-tdTomato were trained in a high-
risk, high-return versus low-risk, low-return task [87]. The mesofrontal dopaminergic pathway from the
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VTA to ventral Brodmann area 6 (6V) is crucial for risk-related decision-making [88]. Two LED/ECoG
array devices were implanted into the 6V region of the monkey brain on both sides.

Figure 17(a) displays the combined LED/ECoG array device used in this study. The device, with its
18 electrodes and 29 LEDs, was designed to fit the 6V region, maintaining symmetrical construction for
both brain hemispheres. The LED and ECoG electrode pitches were 2.5 mm. The LEDs had a center
emission wavelength of 625 nm and a size of 500 pm <500 pm. The Pt ECoG electrodes had a convex
diameter of 0.8 mm and an overall diameter of 2.1 mm. LEDs were controlled via X-Y addressing, while
ECoG electrodes were wired independently with ground and reference electrodes on opposite sides. The
LED and ECoG substrates were made of transparent polyimide and urethane, respectively. Owing to the
one-piece design, epoxy resin pillars were used to secure the LEDs to the ECoG probe, also aiding in
LED light guidance. The electrode shape was molded to follow the cortical surface. Figure 17(b) shows
the device with all LEDs lit mounted on a monkey brain model.

ECoG ECoG GND
electrode electrode

b

{ N
ECoG REF
electrode

5 mm

Figure 17. The combined LED/ECoG array device. (a) A photograph of the stacked device with
a 29-LED array and an 18-ECoG electrode array. Scale bar: 5 mm. (b) A photograph of the
placement of the fabricated device on a monkey brain model. Scale bar: 10 mm.

Region-specific photostimulation within the 6V modulated risk-dependent decision-making process
highlighted the distinct roles of its subregions. Activation of the VTA 6V pathway led to cumulative
modulatory effects, suggesting long-term dopamine-dependent plasticity mechanisms altered neural
responses. The successful long-term implantation of the combined LED/ECoG array device
demonstrated its effectiveness for chronic observations. This primate study is significant for
understanding the neural mechanisms of human gambling disorders. Additionally, the device's
optogenetic technology and BMI applicability extend to both rodents and primates. In addition to the
physiological implications of these findings, it is noteworthy that optogenetic technology and the
combined elements of the device and BMI can be used in both rodents and primates.
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5.1.4. Photostimulation by the PS device and fluorescence imaging measurement system

(a) x L{x’) GreenLED oo o pEPem (b) (c)

- ,fm RFP, YA 100 i-CIS device PS device
i ST i for RFP for ChR2
rorsiifs 0
R ) P \
. HEH . 60 @ ~( I y
R g /5 N Blue LED
- a4 5 = AN )c Y ) Green LED ue
woory 5 40 N - AN
3 e s £ NP
% c } > ARN S
X S \ . 2
# [ L Red filter

S : a A
400 500 600 700 CIS device
Wave length (nm) for RFP

0.2

Relative intensity (a.u.)

@

PS device
for ChR2

Figure 18. Photo-stimulation by PS device and fluorescence imaging measurement system. (a)
Power spectra of blue u-LED for ChR2, green pu-LED for RFP, the RFP excitation and emission,
and the transmission characteristics of the absorption filter. (b) Schematic diagram of the mouse
brain with a PS device and an i-CIS device for RFP, and serotonin neurons. (c) Photographs of
an i-CIS device for RFP (left) and a PS device for ChR2 (right). Scale bar: 500 jm.

We reviewed the i-CIS device and the combination of PS with other modalities. This study illustrates
the use of light for imaging and stimulation to create photoceuticals. Light with a wavelength of 620 nm,
which activates Chrimson R, is transmitted through the GFP sensor's absorption filter. Conversely,
optogenetics typically uses such high light intensity that even 470-nm light, which activates ChR2, can
penetrate the GFP sensor's absorption filter. Figure 18(a) demonstrates that an effective pairing includes
an imaging device with a red absorption filter for red fluorescent proteins (RFP), like RGECO [89] or
the red GRAB sensor [90], and a PS device for ChR2. Figure 18(b) illustrates a mouse brain schematic
with a blue PS device and an i-CIS device for RFP implanted in the serotonin neuron system. The blue
PS device is implanted in the DRN expressing ChR2, and the i-CIS device for RFP is implanted in the
ACC expressing RFP. Figure 18(c) shows the RFP device with a red absorption filter and green LED
for RFP activation, alongside the blue PS device. RFP devices have been confirmed as effective imaging
sensors. The PS device's LED periphery was shielded with black resist to limit lateral light diffusion,
though some light still transmitted through the i-CIS device's red filter for RFP. The above results
suggest that the combination of photostimulation and fluorescence imaging shows potential for future
development in diagnosis and treatment with light.

5.2. Current status and photoceutical prospects for observation and treatment

This section reviews recent studies on neural circuits and closed-loop systems, which are crucial for
photoceutical devices and include optical diagnostic and therapeutic tools. Elucidating neural networks
has been proposed for pain treatment, with reports on pain regulation in the DRN-VTA-NAc pathway
and the ACC-VTA-ACC positive feedback circuit in neuropathic pain [91,92]. Additionally, the mid-
cingulate cortex-posterior insula pathway, along with the ACC, is implicated in promoting pain sensation
and the transition from acute to chronic pain [93]. There have also been reports of combining BMIs and
optogenetics to treat pain by adapting it to a closed-loop system including the primary somatosensory
cortex and the ACC [94,95]. Beyond pain, there are clinical applications for TLE, such as suppressing
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intrahippocampal seizures through electrical stimulation of the medial septum (MS) in the closed MS-
hippocampal loop [96-98].

6. Conclusion

This review discusses current research on small implantable optoelectronic devices for measuring and
stimulating small animals, like mice, while allowing free movement. It outlines the structure and
characteristics of the i-CIS and PS devices and provides usage examples. i-CIS and PS devices are compact
and lightweight, allowing multiple implants in mice without stress. These systems facilitate simultaneous
long-term fluorescence imaging, optical stimulation, and behavioral observation, benefiting neuroscience
and pharmacology. These devices hold potential for photoceutical applications. The use of i-CIS and PS
devices in primates may broaden their future applications to humans. Future challenges include ensuring
long-term operational stability and safety, as well as the safety of AAV injections for expressing light-
sensitive proteins, such as GCaMP and ChrimsonR, in humans. As a long-term encapsulation material for
medical use in optoelectronic semiconductor devices, Al>Os films and their multilayer films produced by
the atomic layer deposition (ALD) method are attracting attention as an alternative to parylene C [99],
[100], [101]. Clinical trials have been conducted to express ChrimsonR in retinal cells using AAV
injections [102], and advancements are anticipated alongside gene therapy progress [103].
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