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To elucidate the physiological and pathophysiological functions of the brain, it is im
portant to develop techniques to visualize and analyze extracellular chemical substance
s that play an important role in neurotransmission with high spatiotemporal resolutio
n. Although fluorescence microscopy has high sensitivity and spatial resolution, it requ
ires labels such as fluorescent dyes and proteins to visualize extracellular neurotransm
itters and ioms, which may interfere with neurotransmission and adversely affect cells
due to the irradiation of excitation light. The bioluminescence method, which allows v
isualization without labeling, is very sensitive to the target molecules. However, the s
patial resolution is only about 100 pum due to the weak luminescence from the reactio
n, making it difficult to visualize the local release of neurotransmitters. On the other
hand, field effect transistor (FET)-based potentiometric biosensor arrays have a potenti
al for bioimaging, because they enable the miniaturization of sensing elements and si
multaneous measurement of multiple points. The charge-transfer-type ion image sensor

developed in this laboratory can visualize the diffusion of hydrogen ions in real time

and without any labeling. By immobilizing a specific ion-sensitive membrane, it can f
unction as a bioimage sensor. In this paper, we describe the development of an imagi
ng technique to visualize neurotransmitters, such as Adenosine-5'-triphosphate (ATP),
Lactate, calcium ions (Ca2+), and potassium ions (K*) in a non-labeled manner as the
target molecules. We discussed the possibility of bioimaging by developing a label-free
bioimage sensor that integrates CMOS image sensor technology with a molecular detec
tion membrane.

First, we proposed an enzyme-based label-free ATP image sensor with an ATP-degra
ding enzyme modified as a functionalized membrane on a potentiometric sensor array
with a 37.3 pm-resolution. The thickness-dependent ATP diffusion was investigated for

highly sensitive detection of ATP, and the limit of detection was achieved to be 10 p
M by decreasing the film thickness to approximately 200 nm. In visualization experim
ents of extracellular responses using acute mouse brain tissues, unlabeled ATP release
d extracellularly by electrical stimulation was successfully visualized. We also clarified

the problem that pH buffering in the solution significantly deteriorates the detection
limit of the sensor.

Next, a redox-type ATP image sensor was proposed to overcome the principle proble
m caused by pH buffer action. Based on an electronic reaction detection technique usi
ng three oxidase enzymes and an electron mediator on a sensor array deposited gold
and titanium layer, a lower detectable concentration was 2.8 uM was demonstrated un
der biological experiments where the pH buffering was 10 mM, demonstrating the hig
h sensitivity of the sensor. In addition, by applying the redox reaction detection syste
m, we succeeded in detecting five chemicals including ATP and Lactate. From visualiz
ation experiments of extracellular responses, ATP release could not detect while label-f
ree real-time imaging of lactate from hippocampal slices for the first time, demonstrat




ing its function as an imaging device.

In the experiment of the Ca2* image sensor, the theoretical sensitivity and uniformity
of the output distribution were successfully obtained by controlling the volumes of solv
ent and the film thickness. For the K* image sensor, we found the film deposition con
ditions that can reduce the in-plane variation to about 5% without decreasing the the
oretical sensitivity. The selective detection of Ca2* and K* under biological conditions
was demonstrated.

Finally, PVC membrane-based ion image sensors were applied to biological experime
nts with chemical stimulation in hippocampal slices. Based on glutamate stimulation,
which mimics excitatory synaptic transmission, dynamically decreased extracellular Ca2
+ concentration ([Ca2t]o), and this response was different in hippocampal sub-regions
(CA1, DG>CAS3). Through receptor inhibition experiments, we found that N-Methyl-D-a
spartic Acid (NMDA)-type glutamate receptors are strongly involved in the [Ca2t]o dec
rease and K* increase. Additionally, using different thick sensors, it was demonstrated

that the film thickness greatly affects the spatial resolution of [Ca%*]o and [K*]o dyn
amics, and the thinner film is effective for better extracellular imaging.
In this study, we succeeded in label-free imaging of extracellular ATP, lactate, Ca2*, and K+
on a potentiometric sensor array with several tens of micrometers pitch and demonstrated
that the sensor may be useful for spatiotemporal analysis of extracellular responses in brain
tissue such as hippocampal slices. The developed extracellular imaging technique is expected
to contribute to the elucidation of physiological and pathophysiological functions of the brain
as a novel bioimaging tool.




