Image sensor technology for visualizing
multi-neurotransmitters

(ZIHH O EYE & AT b AT RE 72
(A A — T W Hf)

March, 2019

Doctor of Philosophy (Engineering)

Lee You-Na

Toyohashi University of Technology



Contents

N T PP jii
1 TIREEOAUCHIOI: -+ -+« v eererreeneen e e e et e e ettt et e et e e e e e e e e e e e b s e e et e e e e s e e e e e e e e e e 1
1.1  Chemical communications between neural networks: -« «-«-oveeeerrrii, 1

1.2 How have we been monitoring chemical Signals? ««««««--------ssvvrmmmmmrraaarnnnniii. 4

1.3 Can we provide @ BEtter 10012 ««««««««xrrrressrarsmmmmmmiiiiiaiaa i 7

LA OULLIE -+« +veveerereme e e ene et e et e et e e e e e e e e e e et e e e e e e 7

I T o T TR TP PP 8
2.1 THE ISFET «+:verereenrumueutntatatrt et aet et a et e e e et et et e e e e e e aeaeaeeas 8

2.2 Electrolyte-solid INterface - ---++++«xxxsrrrreeesraammmiiiiiiiiaaa i 9
221 ReFErENCE EleCtrOAE:«««+« s rrrerrsrmmnrnrtuatraatrtiat et et aae e aeaaaaaaas 9

2.2.2 EDL at the gate SUIFACE -++«++++xxrrrressrsrsmmmmmiriiiiaaaaiiiiiii e 11

2.3 Imaging of pH diStribution in real-time-«««-----+++srrrrrrrreraaainiiiiiiiiiaan 12
2.3.1 DH iMAE SENSOL *++++ssrresssstessssiassssntransniisssssianaststssssneessssasssssens 13

2.3.2 CCD technology for the pH-IMage SENSOT «+«+«««xxx-xssssesvrmmmmmrriaaaaanaiiiin. 13

2.4 Bio-image sensors for Multiplex deteCtion ««-+++++++++xrrrrrrrrreasaniiiiiiiiiiiiiaaaann 16

3 Experimental methods and materials -----«««««---- srremrmmmmmmiiiiaaii e 18
3.1  Preparing PH iMage SEMSOT -+ ++++++xxrerrrrreressaaasitititiiiiaia e 18

3.2 MEASUIEMENE SSLUP rwvvvrreer+sssramrrrnrrtrreesssss st e e s s s s e e 19

3.3  Patterning enzyme-immobilized MEMBTANe «--++++++++vvreerrereeerariiiiiiiiiiiiaaaann 21

3.4 Preventive measures against H* diffusion -« +++sseeeerrmereannniiiiiiin 22
3.4.1 BAITICr JAYEES «++xetsssserasasrranesninssssiassssstransniisssssianaststasssneessssasssssens 22

3.4.2 MICTOROLE AITAY «+++++++++xrrrerrrrreeaaaaa bbbttt 22

4 Enzyme-immobiliZation teChIIQUe - ---+++++«xvvrerrrrreaaaniiiiiiiiiii e 23
4.1 Patterned enzyme-immobilized MEMbIANEs «--+++++++xxrerrrrreeennnniiiiiiiiiiiiaaann 23

£.2  FADIICALION -+ v rererrrmreneneneeneaetta ettt et e e e e e e e e et e et e e e e aeaeaeaees 24

43  Optimization - ATP and H' image SENSOT «++++++++srrrerrrrreaaannaiiiiiiiiiiaaaaans 25
4.3.1 The patterned enzyme-immobilized membrane -« -+« eeeeerereieni.. 25

4.3.2 Detecting and real-time imaging in ATP and H" dynamics ««-««---eereereneennen. 27



5 Bio_image Y 1 N1 SRR R R R RN 30

5.1  ATP, ACh and H' iMage SENSOr «--+++++++++ssrerrrrreasssaaiinmniiiiiaiaaaa i 30

5.2  Diffusion characteristics of H" and neurotransmitters »« -« -« -« eeeereernnnene. 31

5.3  BiO-IMAge SENSOT dESIGI -+ ««xxxx-xssssssrmmmmmmmrrraaaas ettt 33

5.4 Imaging Of ATP and ACK ««««««-x-essssssmmmmmmmmiiiaaaa e 33

5.5 Sensing ChAraCtEIISHCS «««««««xxrrxssssssssmmmmmmmrrraaaaa ittt e e 36

5.6  Additional investigation — Microhole array ««««««««««+xxxsemmmmmmmmmmmiiiiiiis 37
5.6.1 Optimizing the array height «--+++++««xxveerrereearriiiiiiiiiiia 39

5.6.2 Comparison of H* diffusion «++++++«ssseerrrrreesarnnmimmiiiiiiiiaae i 40

6  High performance pH-IMAage SEMSOE -+ +++++«xxxrerrrrraaaaaaiiiiiiiiiiiiiaa e 42
6.1 Enhanced platform with higher spatio-temporal resolution -« -« -« -rreerereiaieenne. 42

6.2 OpErating PrinCIPLe -+ ++++«xxvrrrrreeesraamsmmtiiiiiii e 44

6.3  Sensor chip design and fAbIICAION -+ +++++++xxrrrrrreeessaamuminiiiiiiiaaae i 47

B.3. 1 PiXE] SIIUCLUEE «- -+ v e e ererereenenenananananataeaeeaeeeaetntnanataeaeaeneneaeens 47

6.3.2 AITAY ATCRIIECIUTES -+ -+ xxxrressssssmmmmrerrraaaa e e sttt 50

B.4  SENSOr CHATACTETIZATION - -+« + =+ +xtxtereeeneeeeeeentnenanatatatatanaeaeneneneaenananns 51
B.4.1 TSt SEMUP:++++sserrreseetrtessssamisssntuttnntessssiiiissrieeesniesssssnisssssseeensnens 51

6.4.2 SENSING PATAIMETETS -+ -« «x--x<+++srrmmmmrrraraaaaaaiiitiieir e e e 53

B.4.3 SUIIMAIY ++++++errreeeetrtessssannsiiniuettniessssiiimmmieeesniesssssninsmieeesn 58

6.5  Evaluation of practical spatial FeSOIUtION ««««««««+xxxxvvrmrmmmmmmmmmiiiiiiiis 60
6.5.1 Experimental evaluation method «««««««««««-reesssrsmmmmmmmiiiiiaaiiii 60

6.5.2 Comparison with SIMUIAtion FeSUL -« ««««««x-reessrrmmmmmmmiiiiiiaaii 63

7 ConEIUding FemMArKS -+ ++++cvrerrrmeeaaaa it 64
REF@I@INCES «+«++«+ v+ v +eveeereeneee e enenen et et et etet et et s e ettt et e e e et e e et n e n e n e r e e e eneaeneteeenes 66
ACKNOWIEAGEIMEIIES -+ - -+ vx o rees ettt ettt 74

i



Abstract

Recently the scientific studies of the nervous system have increased substantially with advances in
analytical equipment. Those are wildly contributed it possible to understand how biochemical signals
are transmitted through synaptic junctions by the release and the feedback of neurotransmitters. Their
studies and the development of medicines require effective analysis equipment to quantify
biochemical activities in neuronal communications and several analytical techniques have been
developed. However, most of the analytical techniques focus on the detection of a single
neurotransmitter, even though neurons communicate in a complex interaction of neurotransmitters. It
led to the development of ISFET array based bio-image sensor which is portable and customizable as
well as implantable for long-term recording. When comparing to neural probe arrays which are
successfully applied to electrical signal recording in the brain, biochemical recording may be more
complicated due to the diversity of neurotransmitters, but it is very encouraging by their similarity

between the probe and ISFET arrays.

In this thesis, we will introduce a bio-image sensor which is ISFET based enzyme sensor array with
integrated with readout in order to monitor spatiotemporal activities of various neurotransmitters in

the same time.

This thesis consists of three main parts:

1. We invented new enzyme-immobilization technique using conventional photolithography. Before
developing a bio-image sensor used for spatiotemporal monitoring of more than two neurotransmitters,
we proposed an enzyme-immobilization technique that is the integration of an imaging device
technology and ISFET based enzyme sensor. Using this technique, we can not only simply select the
kinds of proton-consuming or-generating enzymes according to the neurotransmitters wishing to
analyze, but also immobilize them in a planned shape on a pH image sensor by conventional
photolithography technology. The prototype applying the suggested technique was fabricated and
tested to image the concentration gradient of ATP and H*. During the measurements, we became
interested in H* diffusion via liquid, since the degraded ATP also by enzymatic reaction generates H"

and the diffused H" were able to contribute to signal interrupting among neighboring pixels. When
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designing and placement of enzyme-immobilized pixels, the crosstalk by the H* diffusion should be

considered to improve the target discriminability of a bio-image sensor.

2. We then applied this technique to fabricate ATP, ACh and H" image sensor as a further development
of our previous research. This bio-image sensor contained a patterned enzyme-immobilized membrane,
as small as a pixel size, to enhance spatial resolution. Moreover, several attempts, such as new pattern
placements, barrier layers and microhole arrays, were attempted to reduce the H* diffusion via liquid.
The fabricated bio-image sensors were demonstrated to confirm their multi-detection and

discrimination abilities to visualize the concentration changes of ATP and ACh in real-time 2D images.

3. Additionally, we modified the circuit design of the pH-image sensor to improve spatiotemporal
resolution in order to investigate the neural networking in detail. The pH image sensor was developed
toward large-scale, high-density and fast frame rate imaging. The pH image sensor was fabricated by
a modified CMOS process technology. A small pixel pitch was achieved by utilizing a shrunken in-
pixel circuit and an efficiently arranged readout circuit architecture. Moreover, the frame rate was able
to accelerate by operating steps of measuring and read out in parallel. We demonstrated the imaging
capability with our evaluation method for practical high-spatial resolution in biological environments

and compared the experimental result with the simulation result to figure out the reason then.
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Introduction

1.1 Chemical communications in neural networks

During the second half of the twentieth century, the scientific studies of the nervous system increased
substantially with advances in analysis equipment. Those are wildly contributed it possible to
understand how electrical and electrochemical signals are transmitted through synaptic junctions by
the release and feedback of neurotransmitters'. Figure 1 illustrates the electrical signal (action
potential) used to communicate long distance rapidly along axons of neurons and the electrochemical
signal (neurotransmission) which is accomplished by ions and neurotransmitters in order to
communicate between neurons. Their signaling mechanisms have been investigated activities to

understand brain functions and to expend the knowledge for treating nervous disease, depression, drug

r

Astrocyte )
process

Neuron @ \
%' - - Glu \(5\
"y -

. AMPAL 0 © 90 " & T
o) oo "“"j(?fk
N f
ADP‘:)Tp K* N ) \
VO ©
AD:’) A\ L\
Dendrite S l AN D’i’;‘.‘,{? s
\ / SN
ATP SN Lactate
/'3\ /2\
2/ =

o, VADH'-) >‘
HzOXW \”f'/\' E

Oxidative

Figure 1 Brain energetics with electrical and electrochemical signaling pathways among neurons
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Figure 2 (a) Utah electrode arrays, (b)Rcording and using the neural signal to move a robotic arm

with the Utah electrode array. with permission from the publisher °

dependence, Alzheimer’s disease, Parkinson’s disease etc?>~’, as well as upgrade human as connecting

between our brain and external machines.

Because it is easier to measure of electricity than concentration changes of different chemicals, the
technologies to record and stimulate neural activities by electrical signals have been already reached
the level to be applied to human beings®. Figure 2 shows the most popular achievement, the Utah
electrode array and its application®!?. As a Brain-Computer Interface (BCI), this device is comprised
of more than 100 electrode needles on a chip to record the electrical signals from the motor cortex,
and using the recorded signals were able to control a robotic arm. It is the state-of-the-art technology
which is able to measure the neuron to neuron signaling in a few micrometer orders. On the other hand,

anon-invasive type of devices with much simpler structure triggered the starting of developing a brain-



Figure 3 Various approaches to study the human brain in the world.

to-brain (B2B) communication and led startups, such as Neuralink Corp., USA, Facebook, USA and
G. Tec Medical Engineering GmbH, Austria, to attempt commercializing. According to these
progresses, people are starting to believe that we may solve the mysteries of our brain function and
mind, and the demands for studying of chemical signals and developing of analysis equipment are also
rapidly growing. Until now the measuring of electrical signals that include the direction and
magnitudes of the delivered neural signals have provided us lots of new insights and practical
applications, thus it is expected how many possibilities can be created by identifying kinds of
chemicals and tracking each pathway. Besides that, there are some state-led projects such as Human
Connectome Project of USA since 2009 which aims to build a network map within the human brain,
and the Human Brain Project of EU and BRAIN Initiative of USA from 2013 which aim to investigate
the brain on different points of view with the support of the development and application of innovative
technologies. These brilliant and recent researches to understand the human brain are summarized in

figure 3.



1.2 How have we been monitoring chemical signals?

In the human brain, over 85 billion neurons exist and their communication occurs by complicated
activities of more than one hundred neurotransmitters coming into chemical synapses''"'3. Even
though some neurotransmitters, such as ATP, acetylcholine, dopamine, serotonin, are very familiar to
us, their new functions keep being reported according to discoveries of new kinds of neurotransmitter
and their mechanisms. These studies and development of medicines require effective analysis

equipment to quantify biochemical activities in neuronal communications.

To satisfy the needs, several analytical techniques with different strategies have been developed.
However, many of them, such as microelectrodes'#, biosensors'>, liquid chromatography and capillary
electrophoresis separations'®, fluorometry and fluorescence microscopy'’, and liquid chromatography
and high-resolution mass spectrometry!®, can offer the information on the averaged concentrations of
various neurotransmitters in the corresponding areas. In other words, they are not able to provide
spatial information that is directly related to understanding the neurotransmission mechanisms due to
their theoretical and structural limitation. They can be suitable for simple and rough testing, but not

for analyzing requiring high accuracy.

To investigate the multiple neurotransmission, the analysis tools need to have the following
qualifications: Imaging ability with high spatio-temporal resolution and multiplex detection ability
with good selectivity. Only a few imaging tools based on reflection mechanism of light and
electrochemical scanning technology have nearly satisfied the qualifications and some of them have
been commercialized. Figure 4 illustrates the system of a scanning electrochemical microscopy, which

is one of the tools enabling to image the distribution of various chemicals on the surface'*2!. However,
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Figure 4 Measurement system of scanning electrochemical microscopy with permission from the
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it not only has the scan rates in the sub-second scale which is limited by the time of scanning pass but
also cannot get in-vivo imaging. On the other hand, figure 5 shows multiplex detection images taken
by Raman spectroscopy and two-photon fluorescence microscopy?>2°. These are the most popular
methods that allow imaging of neurotransmitters' activities in high spatial and temporal resolution.
They enable noninvasive observation and two photon fluorescence microscopy even produces 3D
images. However, in such light-based resolution imaging, there are drawbacks such as the essential
use of expensive and huge, precise alignments and lenses and the damage of cells from the light
exposure of high-intensity. In addition, to use fluorescence microscopes, pretreatments as the
fluorescent labeling biomolecules to the target cells are necessary before carrying out analysis?®. In
figure 6, we compare the bio-image sensors in my study of the mentioned real-time imaging
technologies above. Among the imaging equipment, the bio-image sensor has high portability due to
the relatively small size by lacking a filter. Developing smaller-sized devices are important to reduce
stress in mice where sensors are implanted in the brain during long-term recording. Most of all, the
good portability suggests our sensor being suitable for BCI systems to transfer chemical signals.
Furthermore, the bio-image sensor has a big possibility of improving high spatial resolution along with

the progress of advanced CMOS technologies.

Required specifications of an analysis tool for monitoring chemical signaling in the brain:
(D Multi-detection ability (= selectivity)
(2) High spatial resolution (= small pixel pitch and density of an array)
(3 High imaging speed (= temporal resolution)
@ Portability (= filterless and implantation possibility)
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1.3 Can we provide a better tool?

Then how can we get the advanced tool that enables to monitor and image spatiotemporal activities of
various neurotransmitters at the same time? This thesis will suggest one possible idea to come true.
We are going to combine two different engineering fields of biochemical and semiconductor

techniques for developing a bio-image sensor.
This thesis consists of three main parts:

First, we develop new enzyme-immobilization technique using conventional

photolithography?’.

We then apply this technique to pH image sensor based on a charge coupled device
technology to develop bio-image sensor that enables to monitor spatiotemporal activity of

various neurotransmitters in same time.

Additionally, we upgrade the platform specification of pH image sensor to perform with

higher spatial and temporal resolution’.

1.4 Outline

Chapter 2 will provide a theoretical background how pH image sensor operates. Chapter 3 is about
the proposed enzyme-immobilization technique; how enzymatic reactions can identify the kinds of
neurotransmitter and transfer their information into pH change, how enzyme can be locally
immobilized on pH image sensor. Chapter 4 shows the firstly developed ATP and hydrogen ion image
sensor applied the immobilization technique and its device characteristics. Chapter 5 is about the
advanced bio-image sensor to monitor multi-neurotransmitters and how can enhance its
discriminability. And it will be discussed why the molecular diffusion is problematic in biological
measurement using bio-image sensor and how it can be decreased to improve sensor's sensitivity and
spatial resolution. Chapter 6 is regarded upgrading of pH image sensor which is used as a platform
of the bio - image sensor. In order to improve device performances, in-pixel and readout circuits are
redesigned and fabricated. And the enhanced sensor is demonstrated by our new evaluation method to

confirm its practical spatial resolution.
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Theories

To study biological changes in neural networks, electrochemical strategies, such as an ion sensitive
field effect transistor (ISFET), have been developed to transduce biochemical information from cells
to artificial systems®'33. One of the key benefits in ISFET is that the gate can be modified with specific
biological elements such as enzymes, antibodies, ion-selective polymer and nucleic acids®*38. These
potential advantages of monitoring multiplex interactions among various analyte samples are
promising multiple variations of biosensing platforms. We have been developing an ISFET array
which can image and record the spatial concentration gradient of multiple metabolites and that
includes CMOS and charge coupled device (CCD) imaging techniques that are wildly used for digital
cameras®* ¢, Therefore, a pH image sensor is a biosensing platform consisting of an ISFET array and
areadout integrated circuit. In this chapter, we introduce the fundamentals of the bio image sensor and

their theoretical limitations of sensing capability.

2.1. The ISFET

The ISFET is a chemical sensor. The most basic structure of ISFETs is a metal oxide semiconductor
FET (MOSFET) using the modified gate which has an ion-sensitive membrane on the gate oxide and
requires a reference electrode to operate in solution. The basic structure of the ISFET used for our pH
image sensor is similar to a n-type MOSFET (NMOS). Figure 7 compared to the common structure of
a NMOS and ISFET?3. The transistor should have four terminals: a source, drain, gate and bulk. In the
case of NMOS, N-type dopant is diffused into a p-type substrate to generate the source and gate. The
channel is formed beneath the gate, and through the channel the carriers flow out of the source and
come into the drain. The resistance of the channel is controlled by the gate-to-source voltage (Vas).
The generated electric field by the applied gate voltage can controls to accumulate the amount of
charges in the channels. The minimum Vs that is needed to create a conducting channel between the
source and drain is called as the threshold voltage (V). Then, how operates the ISFET? To measure
the pH change, the poly silicon on gate oxide is replaced with a reference electrode, a conductive

liquid and an ion-sensitive membrane. Because the molecules in electrolyte generate an electric field
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Figure 7 Cross-sectional view of (a) a NMOS and (b) a ISFET.

on the gate according to the applied Vgs, we can apply the general equations of NMOS to define the

source-to-drain current (Ips) of ISFET as below347:

Ips = UCpy %% (Vgs — Ven)? In saturation region (Vps>Vs-Vin) O]
W 1 2 . .

Ips = uCox - [(Vcs —Vin)Vps — EVDS] at triode region (Vps<Vas-Vin) (2)

Vin = Vref + Venem 3)

where Vchem 1S @ chemical potential at the gate surface and the general expression for the Ip of ISFETs

in the unsaturated region can be rearranged as below,

Ips = ﬂC0x¥{[VGS - (Vref - Vchem)]VDS - %Vgs} v

2.2. Electrolyte-Solid interface

To convert between electrical and chemical potentials, there are two electrolyte-solid interfaces in the
ISFET structure. This section explains the roles of the interface (1) and (2) in figure 7 (b) that are very

important for conversion between the electrical and chemical potentials.
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Figure 8 An Ag/AgCl reference electrode.

2.2.1. Reference electrode

Interface (1) in figure 7 was formed between the electrolyte and a reference electrode which has a
stable and well-known electrode potential. Ag/AgCl glass reference electrode in figure 8 was used for
our sensor to allow to maintain a constant potential in solution. This potential value of the reference
electrode is independent of a pH change in the solution. Cl- ions moves via voids of the glass bottom
between the KCl solution in the glass reference electrode and electrolyte until the potentials of them
are in equilibrium. The surface of Ag/AgCl redox electrode can be in equilibrium by the following the

half-reactions:

AgCl(solid) + e~ & Ag(solid) + Cl~ (liquid) ®))

This reaction is as fast as a sufficiently high current can be passed through the electrode with almost
perfect efficiency. The proved dynamic region of pH is between 0 and 13.5.
The potential Err of the Ag/AgCl electrode can be calculated by the Nernst equation as follows:

KT
Vyer = E° — 2-3710g10(aa—) (6)

where k the Boltzmann constant, T the temperature and aci. the effective concentration of chloride
ions, E° the standard electrode potential against standard hydrogen electrode. The electrode potential
change is only related to the concentration of chloride ions. Therefore, a saturated KCI solution having
high concentration of chloride ions is commonly used to keep the potential drop constant. The use of
this glass-bodied reference electrode has been an obstacle to minimize and implant of ISFET based
sensors. Even though there are many attempts to scale down or develop solid state reference

electrodes*®*, their implantation in brain still remains one of the big challenges.
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2.2.2. EDL at the gate surface

Interface (2) has the electrical double layer (EDL) structure formed on a gate surface that is connected
with an electrolyte. And Gouy-Chapman-Stern theory is described the potential and charge distribution
in EDLs #. Because the interface is hydrated by chemical interactions and combined ions, the surface
is charged and this region is called as the first layer. The second layer is composed of ions attracted to
the surface charge in Coulomb force. The movement and diffusion of ions in the second layer are
relatively easier than that in the first layer, but difficult to move than that of free ions in the bulk
solution that is distanced sufficiently and not effected by electrical attraction. The layer is thus named
the diffuse layer. According to the Nernst equation, the charge caused by pH change in the bulk

solution can be expressed for the sensitivity (S):

here, oy is the proton (H*) activities and pH = logio(om+). The theoretical maximum of the sensitivity
is about 59.2 mV/pH at 25 °C. The sensitivity depends on the material of ion-sensitive membrane and

increased in order of Si0s < Si3N4 < Al,O3 < TayO5°.

Because our pH image sensor has a Si3Ns gate, the further explanation of the surface reaction
mechanism focus of a silicon nitride (Si3N4) film. However, the top thin layer of the membrane surface
converted to SiO; by the local oxidation of silicon (LOCOS) process’! and this model, thus, can be
approximately described by the pH sensing mechanism of oxide gate ISFETs. The general site-binding
model that explains the multisite proton adsorption at solid-solution interface introduced by Hiemstra
et al. 198932, This model describes the changing of a silicon oxide as the result of an equilibrium
between the surface sight and the H" ions in the bulk solution. The charge caused by the surface
bonding of gate oxide is directly related to the sensitivity of the electrostatic potential difference to the

bulk pH change. Their relationship is expressed the shifted threshold voltage of ISFETs as shown in

figure 9%3.
Sensing Gate = 0.5 mm x 0.5 mm
10°}
< 10" pH4to6: o =
'g citrate buffers g5 = 4!
E 10’5 3 Set 1 ;; 120 \\@\\@)'/I/I
3 2 g A
6 02 40/ msett
'% 107F pH4 . §° m Set?2
-40
a 7 to9 Set 2 4567 89
10 pH 7 to 9: pH
phosphate buffers
10'8 1 1 1 1

10 05 00 05 10 15 20 25 3.0
Reference Electrode Voltage (V)

Figure 9 Threshold voltage, Vth shifting in Ips-Vier characteristics according to pH changes that is

measured by Al,Os-gate ISFETs with permission from the publisher3.
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2.3. Imaging of pH distribution in real-time

Now, we know the pH sensing principle of a single ISFET that detect the pH change and quantities H*
ions. However, it is also necessary to obtain spatial and temporal information about the activity of
neurotransmitters for the analysis of neuronal signaling pathways. You may wonder why we want to
get the spatial and temporal information of pH and other biomolecules distribution in neural network.
The idea to image pH distribution is similar to a weather map to present local differences of
atmospheric pressure on a geometry map, as shown figure 10. Today we can understand and predict
our weather condition based on this imaging technique and the long-term observed data. Likewise,
because local pH changes in the brain are biomarkers of neural activity to follow metabolic processes>*,
it is very important to monitor their locations of pH changes for understanding our neural network

function. Like the multiple analysis techniques of air pressure, temperature, humidity, wind speed, etc.

GFS 850 hPa Height (dam), Wind (kt), & MSLP Centers (hPa)

Init: 182 Nov 152018 Ferecast Hour: [312] valid at 182 Wed, Nov 28 2018
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Figure 10 (a) Weather map at Nov 15, 2018 refered to TROPICALTIDBITS.COM. The colar chart
presents the pressure (hPa). (b) The optical and measured images of a hippocampal slice on our bio-

image sensor.
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made possible the elaborate weather forecasting, we are expecting that the multi-detection technique
of different neurotransmission, which is the goal of this thesis provides a new approach in the
neuroscience. This section introduces how our bio-image sensor satisfies these spatial and temporal

requirements.

2.3.1. pH image sensor

To capture the neuronal phenomena from the electrophysiological activity of neurons, high-density
(HD) microelectrode arrays (MEAs) including the Utah array have been developed MEAs have been
focused to 3-8, Similar to this concept, many studies integrated a group of ISFETs with peripheral
circuits on a chip to achieve spatial and temporal resolution of pH changes*°%2. Most of the
fabrication process of ISFET array is based on a complementary metal oxide semiconductor (CMOS)
technology. A size of an ISFET, thus, can be going to scale down according to the progress of CMOS
techniques. It is one of the biggest advantage, because the miniaturized array size and sensor pitch are
required to capture the activities of co-released neurotransmitters and cell metabolisms on a subcellular
level . Each ISFET in an array is working as a pixel to detect pH change and the integrated peripheral
readout circuits conveys the information used to make an image. Using the charged coupled device

(CCD) readout technique, the images can be outputted serially. We named the device, pH image sensor.

2.3.2. CCD technology for the pH-image sensor

To be specific, the peripheral readout circuits exist to realize a CCD technology, which can visualize
the spatial and quantitative information measured by the ISFET array in real-time. This imaging
technology is commonly used for a digital camera from 1970%°. The proposed pH image sensor in this
thesis is rather like an active pixel sensor (APS) with the intra pixel charge transfer. The advantage of
the APS architecture is that it can be fabricated in large and dense arrays and is highly compatible with
advanced CMOS device processes*. In order to detect the pH change, ISFET is inserted as an active
transistor within each pixel. In this section, we introduce the physics of the operation of a bio-image

sensor based the CCD technology.

As discussed in section 2, the pH changes in bulk solution not only lead to different potential gradients
at the interface of the gate oxide/substrate, but also changes the potential beneath the ion-sensitive
gate. The overall potential drops from a reference electrode into a semiconductor. Under the region
covered with ion-sensitive membrane, a potential well forms in which the depth is changed by pH
variation in the solution. Then, a CCD register consisting of a series of gates transfers the stored
electrons in the potential well to an external device (PC). A measurement software installed on a PC

automatically transforms the data into two dimensional (2D) image.
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Figure 11 The operational procedure for the principle of a pixel based on CCD imaging technology

in high and low pH solutions.

Their detail working principle of a pixel is described in figure 11 and below:

(a) To initiate a pixel before a measurement, the potential (¢) of an input diode (ID) is decreased.

(b) The potential of the ID is briefly pulsed from high to low.

(c) By repulsing the potential of ID is stable at high, the charge in the potential well under the sensing

area is remained depending on the well depth.

(d) A transfer gate (TG) is turned on and transfers the stored charge to a floating diffusion (FD).

(e) The potential value at the FD is read out by a source follower circuit, and return to (a) to start a

new cycle. The procedure from the scheme (a) to (e) is one cycle.

Next, the electronic signals measured at each pixel are read out very rapidly as pH value corresponding

image location. The image is reconstructed and displayed on a computer monitor instantaneously.
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Figure 12 (a) Analog front end topology for single pixel readout with four transistors and (b)

sensor readout circuits schematic with permission from the publisher®.

Figure 12 present a topology of a single pixel and system block of our pH image sensor that were
suggested in our previous work®. 128x128 pixels are arranged in a two-dimensional grid with readout
circuitry integrated to efficiently measure the full array. The integrated peripheral circuit consists of a
timing generator, a shift resister and both vertical and horizontal scanners. In full-frame CCD operation,
the accumulated charge in each pixel is shifted by vertical and horizontal scanners and then transferred

to output sequentially. All of the transistor on-off timing is controlled by the timing generator.

As indicated in the sensor architecture, the Vour is the measured result including attenuation by the
readout circuit. Therefore, a sensor’s gain (g) which can be achieved by measuring a ratio between

input and output voltages is

— 8
AViref ®

Moreover, the equation of a measured sensor sensitivity (Ssen) measured by using various standard pH

solutions is defined as

AV,
Ssen = ﬁ )]

Combination of the equation (8) and (9) leads to the expression for the sensitivity of the reference

voltage difference to the bulk pH change:
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Ssen _ AVour AVTef _ AVTef

g ApH AVOUT ApH (10)

Combination of this expression with equation (3) yields:

AVier — AWV en=Vchem) (1 1)
ApH ApH

So that the equation (9) and (10) can be simplified to:

Ssen — DVref _ g (12)

g ApH

S is the sensitivity of the electrostatic potential difference to the bulk pH change. The gain is previously
acquired before starting a measurement. All of the output data (Vour, ) in this thesis are compensated

by the measured gain.

2.4. Bio-image sensors for multiplex detection

As well as real-time imaging capability, an ability to identify biological specimens is very important
for neuronal diagnostics. There are electrochemical imaging techniques which can satisfy the
conditions. The imaging techniques can be categorized into two groups: Scanners and MEA system.
Electrochemical scanners, such as fast-scan cyclic Voltammetry (FSCV) - and scanning
electrochemical microscopy (SECM)!6%70 have emerged as powerful imaging platforms. FSCV-
based detection, where a triangular wave is applied to electrodes to measure unique cyclic
voltammograms, have allowed high selectivity by the repetitive redox reaction on the electrode surface
at high scan (up to 100 V/s). In case of SECM based on a scanning probe microscopy (SPM) technique
using tip electrodes as scanning probes, it is already commercialized and commonly used for in vitro
measurement. These methods are effective for investigating the spatial distribution and for
quantitatively analyzing various materials near the region of steady-state diffusion. However, the
temporal resolution is limited by the time of one complete scanning pass of all lines in the measuring
area. Various large-scale integration (LSI) -based chip containing amperometric or potentiometric
MEAs have been developed to record neuronal activities in temporal and spatial scales at sub-cellular
resolution !. However, almost all HD MEAs are focused to capture the neuronal phenomena from the
electrophysiological activity of neurons®~%. Few MEAs for simultaneous detection of different
biochemical elements have been demonstrated with low spatial resolution, due to the difficulty of
optimizing the potentials applied to each electrode’. Miniaturized array size and electrode spacing are

required to capture the activities of neurotransmitters and cell metabolisms on a subcellular level 3.
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Figure 13 Concept of our bio-image sensor proposed in this thesis.

To overcome all the obstacles, we propose a new approach in this thesis. In brief, our bio-image sensor
is the results of the integration of pH-image sensor and ISFET-based enzyme sensor as the concept
depicted in figure 13. To develop a prototype sensor, we aim to detect both adenosine 5'-triphosphate
(ATP) and acetylcholine (ACh) that are well-known neurotransmitters that have been identified 733!,
In addition, corelease involved ATP and ACh from a mammalian motor nerve was first demonstrated
using electrophysiological techniques combined with the firefly luciferase assay 2. While the related
functional roles of ATP and ACh have been widely recognized 33-%, their signaling is still recorded by
simple tools, such as a glass microelectrode filled with 3 M KCI, a patch clamp using borosilicate

glass and a biosensor consisting of a series of enzyme-based microelectrodes 8638,

To provide our bio-image sensor as a platform for monitoring of the activity of ATP and ACh, we use
enzymatic reactions that can generate H as by-products. Apyrase and acetylcholinesterase (AChE)
catalyze the breakdown of ATP and ACh respectively into the smaller molecule and acids, on the

following reactions 8%%0:

Apyrase 2 n
ATP + H,0 ———— 2AMP + 2HPOj + 2H (13)
and

AChE N
ACh + H,0 ——— Colin + Acetate ion + H (14)

If the enzymatic reaction occurs on the gate surface of an ISFET, the generated amount of H* will be
detected by the sensor. To apply this enzymatic reaction technique to a pH image sensor, it is necessary
to localize enzymes on each pixel separately and elaborately. The immobilization technique of

enzymes is described in the following sections.
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3

Experimental methods and materials

3.1 Preparing pH image sensor

The used pH image sensor (version of pHP0128) is shown in figure 14 with the corresponding pixel
placement of in the array. The fabrication of this sensor was developed using a CMOS process by our
laboratory °! and outsourced to LAPIS Semiconductor Co., Ltd. The size of a single pixel is 37.30 um
% 37.30 um, and 128 x 128 pixels are arrayed on a chip. The flame speed of the images is 30 frame/s.
Before starting a measurement, the surface of sensor chips is rinsed in Milli-Q water (double distilled

water) at 80 °C for 30 minutes.

pHP0128 pixel placement

pH image sensor chip

(Unit : um)

Figure 14 A photo of a pH image sensor and a schematic diagram of partial pixel placement.
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3.2 Measurement setup

Sensors can be calibrated with the standard solutions of pH 4.01, 6.86 and 9.18 (Wako Pure Chemical
Co.), and pH changes of solution mixtures are checked with a standard pH/ion meter (LAQUA F-72,
HORIBA, Ltd.).

For measurement of neurotransmitters, we use an artificial cerebrospinalspinal fluid (aCSF) buffer
solution which is an electrolyte consisting of 135 mM NaCl, 5 mM KCl, 2 mM CaCl,, 1 mM MgCl,,
10 mM D-glucose, 1| mM HEPES-NaOH (pH7.4) and Milli-Q water. The buffer solution resists a
variation in pH and could adjust the osmolality between a solution and a cell. Three kinds of the
targeted elements, such as ATP (Adenosine 5’-triphosphate sodium salt n-hydrate, Wako Pure
Chemicals, Osaka, Japan), ACh (Acetylcholine chloride, Sigma-Aldrich Co., MO, USA), and a
mixture of ATP and ACh, are prepared at concentrations from 0.1 mM to 25 mM. The components of
buffer and electrolyte listed in table 1. The final concentrations of the 10-fold dilution are 0.01, 0.1,
0.25,0.5,0.75, 1, and 2.5 mM. ATP and ACh are solved in the aCSF to make ATP, ACh and the mixture
of ATP and ACh.

Table 1 Solution components.

Solution Component Concentration
NaCl 135 mM
KCl1 5 mM
Buffer CaCly 2 mM
(pH 7.4) MgCl, 1 mM
P D-glucose 10 mM
HEPES-NaOH 1 mM
Milli-Q water -
ATP
Targeted analyte
mixed buffer ACh 0.1 -25mM
(pH 7.4)
ATP + ACh

The measurement setup is shown in figure 15. The entire pixel array is immersed in 90 pl of the buffer
solution. Then, to obtain a homogeneous enzymatic reaction from the entire area, a 10 pl droplet of a
targeted element is thoroughly mixed into the buffer solution with a pipette, or some potassium
hydrogen phthalate (CsHs (COOK) (COOH), Wako Pure Chemical Co.) is dropped into. Measuring
software installed on a PC automatically transforms the measured data into their output images. The

used Ag/AgCl reference electrode (EC Frontier Co., Ltd.) saturated with 3 M KCI.
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Figure 15 (a) A schematic diagram and (b) an optical photo of experimental setup.
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3.3 Patterning enzyme-immobilized membrane

To immobilize different enzymes on the pH image sensor, a photolithography technique is used as
shown in figure 16°2. Enzymes are stuck among the linked polymer structure after UV exposure. The
detail information concerning the fabrication follows. Firstly, a spin-coater (MS-A100, Mikasa.Co.,
LTD, Tokyo, Japan.) is used to deposit different enzymes mixed with the cross-linking polymer
(BIOSIRFINE®-AWP, Toyo Cosei Co., Tokyo, Japan) with a pH image sensor. This cross-linking
polymer is attractive due to the biological stability and porous chemical structure binding ?3. Next,
enzymes are immobilized by a mask aligner (MA6 BSA, SUSS Micro Tec., Garching, Germany).
Apyrase (EC 3.6.1.5, Sigma-Aldrich Co., MO, USA) and AChE (EC 3.1.1.7, Sigma-Aldrich Co., MO,
USA) in powder are used for enzymatic reactions. Apyrase of 1.6 U/ul and AChE of 10 U/ul mixed
with Milli-Q water are prepared for fabricating of a bio-image sensor prototype. The thickness of the
deposited membranes is measured by Microfigure measuring Instrument (ET 4000A; Kosaka

Laboratory Ltd., Tokyo, Japan).

Photolithography Structure of cross-linking polymer
Mercury @
Lamp =¥
i-line filter ;// l\/\
A

paterned L L VL4 L

glass mask

 — —
UV expose I pH image sensor |

Develop r [ 1

Figure 16 A schematic diagram of enzyme-immobilization on a cross-linked polymer by
photolithography. The image of cross-linking polymer structure reproduced from Bai et al.®> with

permission of its publisher.
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3.4  Preventive measures against H" diffusion

3.4.1 Barrier layers

Porous layers made from the cross-linking polymer are placed on the enzyme-immobilized image
sensor. A single layer is deposited on the whole sensing area of a bio-image sensor by a spin-coater
and then cured by handy type UV lamp (356 nm, LUV-4, As One, Osaka, Japan). The cross - linking
polymer is diluted with Milli-Q water to reduce the viscosity.

3.4.2 Microhole array

The proposed microhole array is constructed by a negative photosensitive material SU-8 (SU-8 3000,
Nippon Kayaku, Tokyo, Japan) that has a good biocompability®* and a mask aligner. The surface of
the fabricated structure is treated to obtain the hydrophilic property by UV ozone cleaner (UV-1,
Samco., Japan). The developer is 1-methozy-2-propanol acetate. Before testing the H* diffusion
preventing capability, AChE is immobilized with magnetic beads (Biotin Labeling Kit-NH2, Dojindo,

Japan) and locally placed on the sensor fabricated with the microhole array.
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4

Enzyme immobilization technique

To achieve a multiplex detection capability based on a pH image sensor, we developed a new process
based on photolithography that can immobilize a variety of enzyme-containing polymer patterns on a
chip. This chapter will mainly discuss how the enzyme immobilization technique has developed and
optimized to fabricate a bio-image sensor, and what kind of parameters determine the sensor
performance, such as sensitivity, limit of detection (LOD) and measuring time. This study was

published by Lee et al. %’

4.1 Patterned enzyme-immobilized membranes

Along with the development of enzyme-based biosensors as a combination of the high specificity of
enzymes with a good sensitivity of electrochemical transducers, there are many studies in enzyme
immobilization such as adsorption, covalent coupling entrapment, cross-linking and affinity bonds.
However, it is still very difficult to immobilize desired enzymes into a small and a particular shape on
a semiconductor device. Even though an immobilization method using lift-off technique, that was
attempted by Nakamoto et al. in 1988°°, was able to immobilize glucose oxidase and urease at specific
area on a single chip, this sensor could not provide a geometrical information and a good sensitivity
about the targeted neurotransmitters due to technical limitations. We thought the low sensitivity of the
glucose and urea sensor is the results of the loss of enzyme activities caused by the heating process

and low biocompatibility of the used materials.

Therefore, we have developed an enzyme immobilization technique which is the modified
photolithography technique having high compatibility with biological materials without any reaction
loss. In addition, the advantages of this method is that large-area and high-density geometric enzyme
patterns can be constructed on a semiconductor device. Cross-linkable polymer as a photoresist is used
for building intra porous structures by UV exposure of photolithography technology. Enzymes are
fixed among the structures. The detailed fabrication process and optimization are given in the next

section.
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4.2 Fabrication

The enzyme immobilization technique is described in figure 17. Firstly, 50 pl of a mixture of enzyme
and UV sensitive cross-linking polymer is spin-coated. The mix ratio for enzyme and cross-linked
polymer is one to four (1:4). After drying at room temperature during approximately 10 minutes, a
photolithography method is used to transfer patterns from a photomask to the deposited mixture layer.
Here, the enzyme-immobilized pattern accurately corresponds to the designed pattern shape on the
photomask. Excepting the exposed region where enzyme is entrapped in their cross-linked polymer
matrices, the uncured mixture of the other regions is removed by Milli-Q water. These three processes

(a) - (c) can be repeated to immobilize other kind of enzymes.

Cross-linkable / Cross-linkable /

polymer : polymer
H-image sensor
@ ki e, @
enzyme (O (128 x 128 pixels) enzyme @

(a) Spin coating —_— (@)

UV source
(USH-500BY1)

(b) Photolithography

(b%)

Enzyme@—immobilized
membrane
Enzyme@-immobilized
membrane

Enzyme@D-immobilized
membrane

Repeat (a)~(c) to add other enzyme membrane

(¢) Rinsing —_— ()

Figure 17 The fabrication process for immobilizing and patterning of diffent enzymes on a pH

image sensor. AChE and apyrase are attempted in our study.
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4.3 Optimization - ATP and H" image sensor

Before fabricating the bio-image sensor for measuring ATP, ACh and H* simultaneously, the enzyme
immobilization technique was optimized. ATP and H" image sensors were fabricated with the non-
patterned apyrase-immobilized membrane. The membrane thicknesses and UV light power for

photolithography are tested to find appropriate values that can output a maximized sensitivity.

4.3.1 The patterned enzyme-immobilized membrane

To evaluate the membrane thickness, cross-linkable polymer containing apyrase was immobilized
without patterns on the top of a pH image sensor by a UV exposure of 1000 mJ/cm?. The membrane
thickness was controlled by the speed of a spin coater and measured by Microfigure measuring
Instrument. In figure 18 shown the time dependent output voltage was obtained at a single pixel (80,

80) in the range of various ATP concentrations.

Because it takes time until the output signal is saturated after injecting ATP due to the kinetics of the
enzymatic reaction, the output voltage differences (AVour, ) that is compensated by the gain is
obtained the difference between the initial output signal and the saturated output signal measured at
160 s after injecting ATP. The response is the average of the output voltage differences of the measured

pixels, which is defined as:

Zr'l= w ',saturated_V',initial) Zr'l= v ',OUT,G)
Response=——"- ~ ! === n] (15)

where n is the number of the pixels, Vi niial the initial output voltage and Vjsawrated the saturated output

voltage.

0.04
0.03 —1 mM
R ~—0.1 mM
S 0.01 mM
g 0.02 r —— 0.001 mM
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3 injection "
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<
0
-0.01 : ' '
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Figure 18 Time dependent output voltage in respect to ATP concentration measured from the pixel

at (80,80).
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Figure 19 Histogram of the output voltage distribution measured from all pixels.

Their histograms in figure 19 represent the Vou, ¢ distribution across all of pixels according to various
ATP concentrations. The output voltages are initial output voltages measured at 9 seconds and
demonstrates an excellent uniformity of the pixel responses with the standard variation (o) of 0.68 mV.
Additionally, the ¢ obtained 0 mM ATP is a black value and means a noise signal of our sensor. Using
this value, the minimum detectable pH change, i.e. pH resolution (pHresol) can be defined as

PHyesor= ———— (16)

esol™ gensitivity,s

In figure 20, the membrane with a thickness of 0.3 pm shows the highest response of 0.032 V for 1
mM ATP solution. The decreased response means that the membrane does not contain enough apyrase
to react with ATP when the thickness is thinner than 0.3 um. Meanwhile, when the membrane is thicker
than 0.3 pm, the movement of H* ions through the membrane is obstructed by the thick cross-linked

polymer. Based on these results, an apyrase-immobilized membrane was patterned into a size of 250

Response (V)

0 1 1 ! 1
0 0.5 1 1.5 2 2.5

Thickness (pm)

Figure 20 Response with respect to the thickness of the apyrase-immobilized membrane (n=16384).
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Figure 21 (a) Optical image of the fabricated ATP and H* image sensor with the patterned apyrase-
immobilized membrane with the size of 250 pm x 250 um. (b) Response with respect to the UV

light power of lithographic method for patterning a membrane (n=36) at | mM concentration ATP.

x 250 um?, as shown in figure 21 (a). For patterning the apyrase-immobilized membrane, we used one
cycle of the fabrication process in figure 17 (a) - (c). UV light energy over 1000 mJ/cm? allowed us to
obtain the saturated response to the ATP, as shown in figure 21 (b). The measured response
corresponding to 1000 mJ/cm? was 0.025 V for 1 mM ATP, and this light intensity is considered to be
sufficient for patterning the membrane. The decrease response in below 1000 mJ/cm? means that weak
light did not form sufficient cross-linking structure and enzymes were lost during rinse. The response
of the sensor with the patterned membrane was lower than with the non-patterned membrane, even
though the two types of membranes were deposited in the same conditions. That is the only difference
between the two types, whether the apyrase-immobilized membrane is patterned or not. It indicates

that the H" ion produced by enzymatic reactions can diffuse and be detected at adjacent pixels.

4.3.2 Detecting and real-time imaging in ATP and H" dynamics

Before imaging of ATP and H* dynamics, the ATP sensitivity and detection limit of the fabricated
sensor were achieved. The sensor was calibrated according to various ATP concentrations, as shown

in figure 22.

The upper limit of the linear response rage is up to 0.6 mM ATP and the calculated linearity in the

region presents
y=0.0378x+0.002=ax-+b a7)

hence, the a is the sensitivity of 37.8 mV/mM ATP with R?=0.9934. Because a is the sensitivity, the

pH resolution of our sensor is 0.017 mM as mentioned in the equation (16).
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Figure 22 ATP calibration curve and linearity of the proposed bio-image sensor (n=49).

This data is also useful to obtain the limit of detection (LOD) that is the lower limit. In the general
definition of [IUPAC®7, LOD is defined as

_ 30—-Blackvalue _ 30-b
Sensitivity,S T a

LOD

(18)

When 3o that is the noise of our device is 2.047 mV, the LOD is 1.25 uM ATP.

Now we know how the measured response at a single pixel can represent a charge of the ATP
concentration. Our image sensor can reconstruct the output voltages measured at all of 128x128 pixels
into 2D images sequentially. The output voltage difference was expressed by a color. Figure 23 (a)
shown that all pixels can detect H" concentration movement after dropping pH 4.1 buffer solution into
pH 8.0 buffer solution. The pH value of the mixed solution at 160 s was pH 7.1. The detection delay
at the sensing area of the patterned membranes was measured, because H" ions had to pass through the
membrane. By the same sensor, the sequential images in figure 23 (b) were obtained after adding 10
mM ATP solution droplet into pH 8.0 buffer solution. The final ATP concentration in the mixed
solution was 1 mM. The real-time images are providing the spatiotemporal information of ATP
movement, because the pH change was caused by the produced H* ions between ATP and the
immobilized apyrase. However, the produced H" ions were able to diffuse through the solution and be
detected by pixels without the apyrase-immobilized membrane. The gradually diffused ions were

confirmed by the increased output voltage in the images at 30 s and 160 s.

The H* diffusion pathway can be analyzed by the measured data from the serial pixels including the
apyrase-immobilized pixels in the center as shown in figure 24. In order to obtain the measurement
result without the effect of the diffused H" ions, the response data of 12 pixels from the 2D images of
figure 23 (b) was extracted and used to evaluate the diffusion characteristics of H" ions. Figure 24

shows the sequential response values corresponding to each pixel in an optical image, consisting of
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Figure 23 Real-time imaing of ATP and H" dynamics by using the fabricated image sensor with the

apyrase immobilized membrane. At the time of 0 s, it was measured with pH 8.0 buffer solution. Then,

(a) pH 4.1 buffer solution droplet and (b) 10 mM ATP solution droplet were added in the left corner.
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Figure 24 Diffusion characteristics of the produced H* ions at the apyrase-immobilized membrane

are confirmed by the response change at sensing area without the membrane.

six pixels without the membrane in the center and the other six pixels with the apyrase-immobilized
membrane on each side. Even though the six pixels without the membrane have no enzymatic reaction,
the measured response in the area was gradually increased depending on the amount of the diffused
H" ions from the adjacent pixels with the membrane. The biggest response difference between the two
areas, where the membrane exits or the membrane does not exist, was observed at 10 s after adding
ATP solution. When we consider the diffusion coefficient D of H* ions of 7.62 x 10 cm?/s %8, it is
assumed that the diffused H* ions at a patterned membrane takes approximately 10.3 s to reach to the
nearest pixel of the next membrane. Hence, in order to minimize the effect of the diffused H, it is
appropriate that the activities of ATP should be measured within 10 s after adding ATP solution.
However, to observe the level of a synapse, the pattern size should be reduced and the diffusion effect

will become problematic. Some measures to prevent the signal cross-talk will be attempted.
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Bio-1mage sensor

Our aim in this thesis is the development of bio-image sensor capable of simultaneous detection and
real-time imaging of the variation in the concentration of more than two kinds of neurotransmitters
and H*. We have attempted to fabricate the bio-image sensor and succeed to visualize the dynamics of
ATP, ACh and H* by using the fabricated sensor. Not only the design of patterns on the pixel array,
but also how the discriminability can be improved in the bio-image sensor will be discussed in this

chapter. These studies were reported by Lee et al.?%%

5.1 ATP, ACh and H' image sensor

ATP, ACh and H* image sensor is a further development of our previous research. This bio-image
sensor contains a patterned enzyme-immobilized membrane, as small as a pixel size, to enhance spatial
resolution. In addition, we tried to improve the sensor with several attempts, such as new pattern
placement and barrier layers that can reduce the cross-talk signals resulted from the proton diffusion
after enzymatic reaction. This study hints us that a bio-image sensor can be customizable depending
on the kinds of proton-consuming or proton-generating enzymes immobilized on pH image sensor. To
detect other combinations of neurotransmitters, the other enzymes producing or consuming H* after

an enzymatic reaction can be applied.

For patterning the apyrase-immobilized membrane, we used two cycles of the fabrication process in
figure 17 (a) - (c). AChE and apyrase are used in sequence. And the barrier layer is prepared as
following figure 25. It is almost same sequence with figure 17 excepting the photomask and enzymes.
A mixture of 40 pl crosslinking polymer and 10 pl Milli-Q water is deposited. At 3000 rpm spin
coating speed, the thickness of a buffer layer is 0.3 um. And then the deposited layer cured by UV
light for 100 seconds. The cross-linked layer is rinsed by the running water for about 30 seconds. If
you would not want to worry about the remaining enzymes on the previous membrane, I recommend
to rinse for longer time and to deposit membranes in order of them with AChE to apyrase. The

thickness of the buffer layer is controlled by repeating the process (d) — ().
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Figure 25 Buffer layer deposition process.

The main point of this study is the immobilization of AChE and apyrase on the H" sensitive pixel array
for simultaneously monitoring the activities of ACh and ATP. By the corresponding enzymes, ATP and
ACh are degraded into their by-products and protons. The majority of the generated H* is detected
electrochemically at the pixels where the enzymatic reaction occurs. In addition, null sensors that have
no enzyme are monitoring the diffused H* via electrolyte or the potential variation of non-specific

electrochemical signals during the experiment.

5.2 Diffusion characteristics of H" and neurotransmitters

The diffusion of the generated H* after the enzymatic reaction in a solution is a very fast (7.62 x 1073
cm?/s at room temperature) *® and unavoidable phenomena in a biological experiment. In order to
minimize a signal cross-talk due to the detection of the diffused H* at undesired pixels, we have

investigated the phenomena and suggest a barrier layer depositing on the bio-image sensor.

Figure 26 (a) shows the diffusion pathway interrupted by the porous barrier layers which are used to
decrease the immigration of the produced H after enzymatic reaction. To demonstrate the H* diffusion
preventing capabilities of the proposed barrier layer, apyrase or AChE is immobilized only at pixel (1)
and the surrounding pixels (2), 3), and (4) are used as null sensors to monitor the diffused H*.
Enzyme-immobilized pixels like the pixel (1) type are fixed at nine points on an array and placed as
far apart as possible from each other to escape the diffusion effect. As shown in figure 26 (b), pixel
(2),(3), and (4) are 18.1, 74.6, and 92.7 um away from pixel (1), respectively. Diffusion characteristics
of the produced and diffused protons after enzymatic reaction are observed according to various barrier
layer thicknesses of 0, 0.6, 1.2, 1.8, 2.4, and 3.0 um. Their response value is provided as the output
voltage difference (AVour, g) between the measured value at 0 and 170 seconds after dropping the
targeted solution into the electrolyte. In figure 26 (c), both apyrase-mediated degradation of ImM ATP
and AChE-mediated degradation of 1 mM ACh shows as the highest signal at the pixel (1). The
magnitude of AVoy measured at the pixel (2), (3), and (4) is dramatically decreased depending on the
distance, because the pixels are detecting the H* propagated spherically out of the pixel (1).

31



Furthermore, the decreased AVoy according to the layer thickness indicates the consumption of the
diffused H" from AChE-mediated degradation of 1 mM ACh. In case of the apyrase-mediated
degradation of 1 mM ATP, the small output voltage signal makes difficult to distinguish the original
signal and the decreased signal by the barrier layer. The diffused H* into the layer seems to be
chemically bonded with unsatisfied chains of the crosslinking polymer or to be trapped by the porous
structure. Because the H* detection at the pixel (4) with the barrier layers is nearly not obtained, we
design so that the enzyme-immobilized pixels are placed at intervals of over 92.7 um to minimize

signal overlap.

, Target: ATP
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Figure 26 H" diffusion barrier layers. (a) Illustration of the diffusion pathways of the generated H" after
enzymatic reaction. (b) Optical image of an enzyme-immobilized pixel (D and pH sensing pixel @),
@, and @, as null sensors (c) Diffusion characteristics of the produced and diffused protons according
to various barrier layer thicknesses. The mean output voltages (n=9) represent the response values
measured before/after enzymatic reaction between apyrase immobilized at pixel O and 1 mM ATP

(top), or between AChE immobilized at pixel O and 1 mM ACh (down).
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To optimize the thickness of the barrier layer, we have to consider a thicker layer can obstruct the
inflow of ATP and ACh, as shown in figure 27. The saturation speed that indicates the immigration
speed of 1 mM ACh from electrolyte to the sensing area surface at the pixel (1) is reduced from
36.1mV/s to 0.1 mV/s, when the barrier layer thickness is changed from 0 um to 3.0 pum. On the other
hand, the saturated value of AVoy seems to be independent of the layer thickness. We are considering
that most of the unsatisfied chains such as dangling bonds exists on the surface of the barrier layer,
and they catch the diffused H" as much as the reduced voltage value due to the existence of a barrier
layer. Therefore, the thin barrier layer of 0.6 um has been determined to deposit on the bio-image
sensor. When 0.6 um-thick layer exists on the pixel (1), the saturation speed is 9.8 mV/s with
R?=0.9165.

Layer thickness (um)
—0 06 —12 —1.8 —24 —3.0
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Figure 27 Saturation speeds according to H* barrier layer thickness, when ACh of 1 mM

concentration reacts with AChE immobilized at pixel (D.

5.3 Bio-image sensor design

The fabricated bio-image sensor before depositing the 0.6 um-thick barrier layer is shown in figure
28. Apyrase-immobilized pixel is located 92.7 pm to ACh-immobilized pixel. A pair of the two kinds
of enzyme-immobilized pixels and surrounding null pixels has a space of 280.3 x 223.8 um?, thus it
is provided at a spatial resolution to distinguish multi-neurotransmitters. 256 pairs are placed to map

the activities of ATP, ACh, and H* concentration change.

5.4 Imaging of ATP and ACh

Figure 29 demonstrates the utility of the bio-image sensor to image spatial and temporal distributions
of multi-neurotransmitters. As seen in the simultaneous images observed after adding droplets of 1

mM ATP, 1 mM ACh, and 1 mM mixture, the selective detection of ATP and ACh presents as dots by
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Figure 28 (a) Optical image of the proposed bio-image sensor with AChE and apyrase immobilized
pixels circled. (b) SEM images of AChE and apyrase immobilized pixels that are prepared just for
this image. A barrier layer has not deposited yet. The other pixels without enzyme membrane act as

pH sensing pixels.

the corresponding enzyme-immobilized pixels. The images at the 0, 5, and 100 seconds time points
provide the spreading movement presented in figure 29(a). Here, to examine the effect of the H*
diffusion barrier layer, we compare the response for a 1 mM mixture solution of ATP and ACh at the
horizontally selected pixels from (64,46) to (105,46) in figure 29 (b). The peaks at 100 seconds become
much more distinguishable than when the barrier layer is absent. The signal intensity of 1 mM ATP,
that is approximately 6.2 times smaller than that of 1 mM ACh, could be due to the buffering ability
of HEPES in electrolyte or a difference of dissociation constants. Finally, we compare the voltage
peaks of the example cross-section extracted from the images of 1 mM ATP, 1 mM ACh, and 1 mM
mixture, as shown in figure 29 (c). ATP and ACh are detected only at apyrase and AChE-immobilized
pixels, respectively. It means that enzymes are not mixed during the repeated coating process.
Additionally, the overlapping results of the voltage peaks measured individually for detecting ATP and
ACh are exactly matched up with the peaks generated by the mixture solution. These results suggest
that the detection of multi-neurotransmitters by the proposed bio-image sensor is nearly H* diffusion-
independent. This hints at that a bio-image sensor can be customizable depending on the kinds of

proton-consuming or proton-generating enzymes immobilized on pH image sensor.
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Figure 29 Simultaneous imaging of ATP, ACh, and their mixture. (a) Simultaneous imaging at 0, 5,
and 100 s after adding a droplet of the targeted elements such as | mM ATP, 1 mM ACh, and 1 mM
mixture. Locations of example cross-sections in b, ¢ are from (64,46) to (105,46) by yellow lines.
(b) Example cross-section from the image in a compared with the measured results without a barrier
layer at the same location and detection timing after adding the mixture solution. (c) Example cross-

section from the image in a.
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5.5 Sensing characteristics

To demonstrate the ATP or ACh sensing capability of our bio-image sensor, the detection
characteristics are evaluated as calibration curves determined by averaging 100 pixels each depending
on the immobilized enzymes, as shown in figure 30. Variability of AVou measured in pixels for a given
ATP or ACh concentration increases with increasing concentration. The obtained sensitivities are 55.6
mV/mM for ACh detection with R?>=0.8977 and 10.9 mV/mM for ATP detection with R?>=0.9539 in
the concentration range up to 0.5 mM. The LODs are 0.43 mM ATP at apyrase-immobilized pixel and
0.07 mM ACh at AChE-immobilized pixel, offering enough performance for analyzing their roles in
the human cortical or blood 7%. A better LOD for sub-uM resolution to analyze the synaptic

transmission of neurotransmitters will be pursued in future study.

When the bio-image sensor stored at -4°C and had been measured 0.5 mM mixture for 10 days to
evidence the measurement repeatability, it shows very small output voltage drift of -0.02 mV/hour at
AChE or apyrase-immobilized pixels as shown in figure 31. It seems to be related to the functional

decline of enzymes.
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Figure 30 ATP and ACh sensing characteristics. (a) Calibration curves of the proposed bio-

image sensor (n=100) and (b) linearity in the concentration range up to 0.5 mM of the targets.
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Figure 31 Reliability test of the fabricated sensor without barrier layers. Two pixels having
ACHE and apyrase respectively were measured according to the various solutions during 10 days

and shows a good reproducibility.

5.6  Additional investigation - Microhole array

Microhole array is an additional mean to prevent diffusion of the produced H" ions after enzymatic
reaction. Because this structure was constructed with SU-8 as a negative photoresist and have a very

low moisture permeability, it is very effective to reduce the horizontal diffusion. Figure 32
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e - // Barrier layers ™
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Pixel for detecting Pixel for detecting AChE immobilized Pixel for detecting
ACh another neurotransmitter Pixel another neurotransmitter
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Figure 32 H" diffusion characteristics on an image sensor (a) without any additional structure,

(b) with barrier layers, and (c) with micro hole array structure.
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schematically illustrates the different diffusion pathways among ACh and H* before and after
enzymatic reaction. Unlike the barrier layers on the image sensor, the micro hole array structure has
an opened space on a sensing area and does not disturb the ACh immigration from the RM to the
sensor surface. We expect the combination of the barrier layers and microhole array to improve our

Sensor.

The fabrication process is following the basic photolithography method and the wildly well-known
detail process is referred in 1%, We prepared microhole arrays with various heights of 0, 15, and 60
um on pH image sensors and the open area of a hole has the size of 24.5 x 31.6 um? corresponding to
the dimension of two vicinal pixels. Since SU-8 is a hydrophobic material, the solution cannot reach
the sensing area without any appropriate treatment. Therefore, the SU-8 surface was modified to be
hydrophilic by cleaning with a UV ozone cleaner for 15 minutes at 110 °C in an O flow of 0.75 L/min.
The treatment generates C=0 hydrophilic functional groups on the SU-8 surface'®. Figure 33 shows
the fabricated micro hole array structure using SU-8 photoresist has a hole size of 24.5 x 31.6 um? and

a wall height of 60 pum that can surround two pixels.

G =
Pixel SU-8

pH image sensor

50 um

Figure 33 Cross-sectional SEM image of the micro hole array structure on a pH image sensor.

TR
Magnetic
beads

3

(a) (b)
Figure 34 Top view images of the sensors with AChE immobilized using magnetic beads (a)

without the structure and (b) with the structure.
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5.6.1 Optimizing the array height

The microhole array structure with various heights of 0, 15, and 60 pum were constructed on bio-image
sensors to find out the best height minimizing crosstalk signals. AChE is immobilized with magnetic
beads and locally placed on sensors, as shown in figure 34. We confirmed that the beads are fixed only
on the sensor surface and not on the wall structure. The output signals measured at the AChE
immobilized pixels present the same ACh concentration dependence, whether with or without
structures in figure 35. The ACh sensitivity of the sensor did not change regardless of the existence of

the structure.
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Figure 35 ACh concentration dependence of the sensor with and without the structure.

The diffused H" were measured in null pixels that were 75, 150, 225, and 300 pm away from the
AChE-immobilized pixel presented as a point at 0 um in figure 36 (a). As the structure became higher,
AVour, g became smaller. Particularly, there was almost no effect of H* diffusion of the pixels that are
further than a distance of 150 pm, when the sensor had a 60-pum-height structure. We concluded that
the discernment ability of a multi-neurotransmitter image sensor depends on the thickness of the
proposed structure. However, if this sensor is applied to observe a nerve cell in our future works, a
short distance between the cell and the sensing surface of the sensor might be necessary, due to the
small amount of releasing neurotransmitters and the relatively short spacing between cells. Figure 36
(b) shows the starting time of the output voltage change caused by the detection of the diffused H*
after adding a 1 mM ACh solution. The starting points measured by the pixel at 75 um distance from
the enzymatic reaction starting pixel did not dramatically change depending on the thickness of the
structure. However, the delayed time of the starting point was observed at the pixel at 150 pm distance
clearly. There was a time delay of almost double between the two sensors with 15 and 60 um height
structures. Therefore, in order to use the sensor with the structure of 15 um height without the effect
of the diffused H", the distribution of ACh should be detected within 25 seconds after adding a 1 mM
ACh solution. Based on this result, it is expected that a lower structure can be used by adjusting the
measuring time or the spacing among enzyme-immobilized pixels taking the minimum effect by the

diffused H™.
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Figure 36 (a) Output voltage and (b) the reaction starting time after dropping ACh solution as a

function of the distance from magnetic beads at three different structure heights.

5.6.2 Comparison of H" diffusions

To demonstrate the H™ diffusion prevention ability of the proposed structure, image sensors with and
without a micro hole array structure are compared. These two kinds of sensors in figure 37 were used
to measure the activity of 1 mM ACh into 2D real-time images with 14x16 pixels. In figure 37 (b) the
sensor with the structure presents an increased output voltage only in the part where the AChE was
immobilized on the left side after adding 1 mM ACh solution, while the sensor without the structure
in figure 37 (a) presents H* diffusion to the right side. These images provide us an intuitional insight

that the proposed structure enables to suppress the H* diffusion.

In figure 38, the measured time-dependent output voltage changes at two pixels are compared
according to the existence of the micro hole array structure. Black line presents the H* value generated
at the pixel immobilized AChE after the enzymatic reaction whilst the red line is the measured data on

a pixel with no enzyme which is 75 pm away from the AChE-immobilized pixel to monitor the diffused
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H*. The output voltage percentage difference between an enzyme-immobilized pixel and a null pixel
is increased from 35 % to 83%, according to the existence of the structure on the sensor. It means that
the signal crosstalk caused by H" diffusion is effectively reduced by the proposed micro hole array
structure. The other strength of this wall structure is that it holds H* that should be diffused if there
was no structure, thus there is no loss of sensitivity which is a disadvantage of the H* diffusion barrier

layer.
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Figure 37 2D real-time image of 14x16 pixels after dropping 1 mM ACh (a) without the structure
and (b) with the structure.x
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Figure 38 Time-dependent changes in the output voltage measured at enzyme-immobilized pixel

and no enzyme pixel (a) without the structure and (b) with the 60-um-height-structure.
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6

High performance
pH-1mage sensor

To provide a better image platform, we developed new pH image sensor consisted of a higher-density
array and more efficient readout circuitry and the study was reported by Lee et al. % In this chapter,
we introduce how we can achieve higher spatio-temporal performance by changing chip designs. The
proposed sensor will be not only demonstrated its characteristics and imaging ability, but also
compared to other state-of the-art pH image sensors. Additionally, we originally proposed a method
to evaluate the practical spatial resolution of biochemical image sensors or arrays. The difference
between the designed pixel pitch and the experimentally obtained practical spatial resolution will be

discussed and verified by simulation.

6.1. Enhanced platform with higher spatio-temporal resolution

Real-time imaging of pH changes by biosensing platforms offers new opportunities in neural networks
to observe chemical activity and to help understand their mutual interactions %214, The transient,
localized pH changes are caused via several mechanisms and indicate that there is neural activity at
the corresponding place . To study these biological changes, electrochemical strategies, such as an
ion-sensitive field-effect transistor (ISFET), have been developed to transduce biochemical
information from nerve cells to artificial systems. One of the key benefits in an ISFET is that the gate
can be modified with specific biological elements such as enzymes, antibodies, ion selective polymer
and nucleic acids 3+, These potential advantages of monitoring multiplex interactions among various
analyte samples are promising multiple variations of the biosensing platform. Thus, recent studies
have developed large-scale, high-density ISFET sensors based on the progress of CMOS integrated

circuit technologies %1051 They allow imaging and recording activities in large neural populations.
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Previous improvement in compact modelling includes variant gate structures on an ISFET, such as
floating and extended gate 1'%, double gate ! or enclosed gate 3. While the sensing area size has been
successfully reduced in many researches, their spatial resolutions are still insufficient to investigate
the neurotransmission at chemical synapses. According to a report the synaptic density was 0.007 -
0.25 synapse/pum? 112 in hippocampal of a rat. In other words, it means that there is approximately one
synapse per 4 um? in case of high density. Apart from the chemical signals, the scaling of transistor
dimension on a readout channel was successfully employed in achieving microelectrode array imaging
of action potential 113, However, the imaging speed is still problematic as the sensor density increases.
A significantly higher temporal resolution than a few milliseconds is required to detect molecules
released from vesicles 114, Because of temporal requirements for real-time monitoring, some ion-image
sensors process the measured signals to transfer digitized data via a pipelined analog-to-digital
converter (ADC) 80115, To realize a small pixel size with a high frame speed, our sensor employs a
column-parallel single slop (SS) ADC architecture connected with two memory cells. The SS ADC
architecture is well known for having a good linearity and small area among CMOS imaging
technologies for digital cameras #3116, The plural memory cells carrying out write and read by turns

are implemented to achieve high-speed readout.

Therefore, we aim to design and develop a pH image sensor toward large-scale, high-density and fast
frame rate imaging. The pH image sensor is fabricated by a modified CMOS process technology. A
small pixel pitch is achieved by utilizing a shrunken in-pixel circuit and an efficiently arranged readout
circuit architecture. Moreover, the frame rate is accelerated by the operation of measuring and readout
in parallel. We then evaluate the imaging capability with high-spatial resolution in biological

environments using the proposed pH image sensor.
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Figure 39 (a) A cross-sectional view of the extended gate ISFET structure and (b) its behavioral

macromodel.
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6.2. Operating principle

ISFET was developed as a chemical sensor, which is a MOSFET using the extended gate to an ion
sensitive membrane replacing the gate oxide and requiring a reference electrode to operate in solution.
Its structure is depicted in figure 39 (a). The pH response results from a parallel shift of threshold
voltage (Vrgsrem) in the ISFET Ip-Vas characteristic. The shift is caused by the site-bonding reaction
between the electrolyte and the surface of the Ta,Os layer 1'7. Therefore, pH sensing of the ISFET can
be described using a combination of the surface reaction model and the Gouy-Chapman-Stern double

layer model of ion distribution 118119 by

VT(ISFET) = VT(nMOSl) +VChem (19)
and
Vepem =7 +2.32U; pH (20)

where Vrmmosiy is the threshold voltage of the nMOSFET (nMOS)) in the extended gate ISFET
structure; Vcnem @ grouping of a chemical potential at the ion-sensitive membrane surface; y a pH-
independent grouping factor of chemical potentials; o a sensitivity parameter (0<o<1) relative to the
ideal Nernstian sensitivity; Ut the thermal voltage kT/q; and pH a measure of the hydrogen ion activity

pH = —log,,[H*] in solution '%°,

This model can be represented in an equivalent circuit as shown in figure 39 (b). The pH change causes

the threshold voltage shift that is defined as a change in the floating gate voltage as follows #4,
VG' :Vref _VChem :Vref _(7/+aSN pH) (21)

Vg is a membrane surface voltage and S is the ideal Nernstian sensitivity that is limited to 2.3kT/q
=59 mV/pH at RT 3. The reference voltage (Vief) is an input signal of this model and is attenuated by
the capacitive division:

VG :VG'l.C /(Cmem + Cg + CD)J (22)
= Ve =+ a8y PH)) [Cr /(Cren + €4 + G, )]

mem

where Cumem, Cg and C, are the ion sensitive membrane, gate oxide and wiring capacitances,

respectively; and the Vg a gate voltage of nMOS|. The Cpem is given by
Cmem = ASO (‘E‘Tazo5 /dTaZOS) (23)

where A is the surface dimensions of a metal top; € the vacuum permittivity; era2os the relative
permittivity of tantalum pentoxide (Ta2Os) that is used as the ion sensitive membrane in our sensor;

and dta20s5 the thickness of the TaxOs membrane. The Crem for our sensor is 1.6 fF.

44



As shown the proposed in-pixel circuit in figure 40 (b), the value of the charges that is stored at a
floating diffusion (FD) by a source follower (SF;) is readout via next source follower (SF»>) as an
output voltage (Vour). SF1 consists of nMOS; and its parasitic resistance as a source load resistor. The
Vourt considering voltage gains (gn) of the source followers can be calculated, as below,

VOUT = h/FD - (\/T(nMOSZ) + AVZ )ng
= {B/G - (VT(nM051) + Avl)]gl - (\/T(nMOSZ) +AV, )}92 (24)

Here, the AV, is a voltage difference via source followers and described as follows:

AV, = /21, /(xC,W /L) 25)

where I, is the source follower current (I; or I,); W and L the width and length of the channel of

nMOSFETs (nMOS; and nMOS,), respectively; p the carrier mobility in the channel.

(@) (b)

Figure 40 Analogue front end topologies for single pixel readout with (a) four transistors (4-T) and
(b) three transistors (3-T).
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Figure 41 The operating principle of a pixel with three transistors to convert from pH changes to
electrical signals. (a) Supplying charges into FD by biasing ID to GND. (b) Spilling the charges from
FD by applying a high bias voltage of Vpp to ID. (¢) Reading out the voltage level of FD through a

source follower circuit.
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6.3. Sensor chip design and fabrication

The proposed pH image sensor in this paper is rather like an active pixel sensor (APS) with the intra
pixel charge transfer. The advantage of the APS architecture is that it can be fabricated in large and
dense arrays and is highly compatible with advanced CMOS device processes 4. In order to detect the
ion concentration, the ISFET is inserted as an active transistor within each pixel. In this section, we

introduce several techniques that are used to enable the denser array and higher frame rate.

6.3.1. Pixel structure

A chemical APS topology with four transistors (4-T) was suggested in our previous work, as shown
in figure 40 (a) %. Unfortunately, its pixel size was insufficient for tracing synaptic signaling pathway
among nervous cells. The scaling of a pixel pitch is an important aspect of imaging device applications.
Based on the previous APS topology, we explore the possibility of a simpler pixel structure with a
reduced number of transistors for each pixel, hence increasing the spatial resolution. The proposed
pixel with three transistors (3-T) is shown schematically in figure 40 (b). Its operating principle to
convert pH changes to electrical signals is depicted in figure 41. The depth of the potential under the
sensing area is changed by the hydrogen ion (H) concentration on the ion-sensitive membrane surface.
By setting an input diode (ID) to GND, electrons are charged into the FD. Next, excepting some
electrons corresponding to the potential level of the sensing area, the others are discharged to ID due
to the increased voltage level of Vpp. The potential at the sensing area depends on a pH value of a
sample. The potential is then read out through a source follower circuit by turning on a transfer gate
transistor (TG). The applied voltage of Vpp is 3.3V. The fabricated pixel size is 2 pym x 2 pm. In the
top view of a pixel layout, a metal top area of 1.42 um % 1.42 um and a spacing of 0.58 um are placed

as shown in figure 42.

Metal top area of
142 um X 1.42 pm

|<— 2 um

Figure 42 A top view of the designed pixel layout.
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Figure 43 Sensor readout circuit schematic. Sensor read timing diagram.

Figure 43 illustrates the sensor read circuit that consists of a 3-T pH sensor circuit, a 12-bit digital-to-
analog converter (DAC), a comparator, and a memory. The pH sensor circuit composed an ISFET, a
TG, a bias transistor, and a FD. The three transistors have a same gate size (width = 0.34 pm and
length = 0.34 pm), and implement with the gate circuit using the standard thick oxide (3.3V) transistors,
commonly used in I/O circuits, to prevent undesired leakage currents. The FD has a parasitic
capacitance of 1.3 fF. We decided to use a comparator comprising of two differential amplifiers,
because the smallest offset voltage of a comparator was achieved in our preliminary simulation using
this circuit design. The DAC consists of Main-DAC and Sub-DAC. The Main-DAC generates an
analog ramp signal that increments by 1 LSB per an ADC clock signal (ADC_CLK). Meanwhile, the
Sub-DAC works once at the start of operation and determines the starting voltage value of the ramp
signal sweeping range. The output value of a DAC, thus, is the sum of output values (DAC_OUT) of
a Main-DAC and a Sub-DAC. As shown in a read-timing diagram highlighted in figure 43, a sensor
output (SENSOR_OUT) is initialized at a low level of ID, and then starts to read the output signal at
the moment when the level of ID switched on to high. After a waiting time of about 1 ms, a ADC_CLK
is inputted to the DAC to generate analog ramp signals by the Main-DAC. Next, an A/D conversion
and a counting of a gray code counter (G-CTR) are carried out simultaneously. At the crossing moment
of the SENSOR_OUT and DAC output (DAC_OUT) signals that are inputted to the comparator, the
counting of G-CTR is stopped. The counting values are the digitized data of SENOR OUT and
recorded in Memory-A. Writing processes of Memory-A and Memory-B are controlled by memory

selection signals (SEL_ MEMO).
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Figure 44 pH image sensor (a) system block and (b) timing diagrams.
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6.3.2. Array architecture

Figure 44 shows a block diagram of the pH image sensor architecture along with a timing diagram
taken from various points within the architecture. 256 x 256 pixels are arranged in a 2D grid with
readout circuitry integrated to efficiently measure the full array. Because a unit size of memory and
comparator circuits are bigger than that of a single pixel, the integrated circuits are split into top and
bottom parts to be arranged densely. Each of them is connected to odd or even columns of a pixel array
that is selected by a vertical scanner line (V-scanner). A 12-bit ADC consists of a G-CTR, DAC:s,
memory circuits and comparators. 256 ADCs are connected to each pixel column. And the dynamic

range of the ADC is from 0 V to 1.4 V.

To operate with a high frame rate, three measures against the circuit design are implemented. The first
measure is to have two kinds of memory. Each odd- and even-memories have a two sections named
Memory-A and Memory-B, in order to store digitized data. These two kinds of memory segment allow
the image captures to be processed in parallel with the readout processes. Therefore, the operating
time that is required for an array integrated with a single memory reduces by almost half. As depicted
in figure 44 (b), one column (n-1) of the array is temporally stored in one of memories, and then
quickly transferred to a next stage while the data of the next column (n) is being captured. Writing to
and reading from the Memory-A and the Memory-B are controlled by SEL. MEMO and the data in
the memory are read in order of odd and even by HCTR CLK and selection signals (SEL_O/E). The
operating time of one column period is determined by the longer one of the sensor measurement time

and readout time.

The second measure is to implement a sub-DAC in order to reduce analog-to-digital (A/D) conversion
time. Our sensor employs a single-slope type ADC technology, as shown in figure 44 (a). The A/D
conversion time is determined by the counting steps, as a stepped digital ramp, of G-CTR. By setting
an initial voltage value close to the sensor output using the Sub-DAC, it allows to reduce counting
steps spent for comparing of the sensor output and the DAC output during operation of the Main-DAC.
The third measure is to make it possible to select two types of pixel array configuration, 256 x 256
and 128 x 128. In case of the 128 odd rows x 128 odd column configuration, the number of columns
and the number of rows per screen are halved, and the frame rate is greatly improved. According to
the reduced pixel number, the imaging resolution is degraded by half, but the total size of measuring

region is not changed.

Additionally, for the high-speed data transmission between our sensor chip and a printed circuit board
(PCB), we employ a standard LVDS technology at the end of the device circuit. The implemented
termination scheme is the simplest one having a single resistor of 100 Q between the driver outputs.

This LVDS is able to operate up to 350 MHz. The proposed sensor design is fabricated in the modified
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1-poly 4-metal 0.15 pm CMOS technology, including a deposition process of Ta;Os. Figure 45 shows
a microphotography of the 5.2 mm X 5.2 mm chip consisting of 256 x 256 pixels and adjacent

integrated readout circuitry.

6.4. Sensor characterization

We experimentally confirm the proposed sensor's characteristics, which are device gain, sensitivity,
recording speed and imaging ability, to insure the capability for monitoring a pH change that can

happen in a biological environment such as that seen by enzymatic reactions '?!.

6.4.1. Test setup

The fabricated device is connected by wire-bonds and encapsulated with epoxy on a PCB which has
a chamber for containing a solution on the pixel array. To connect between 24 pins of the LVDS circuit
and a PC, the PCB composes includes a FPGA (XC7ATFGG484, Xilinx) as a DRAM interface and a
2-Gb DDR3 SDRAM (MT41J128M16, Micron Tech. Inc.) that temporarily stores the output data. The
measurement setup is shown in figure 46. A micro pipette is used to inject the new solution into the
chamber with the previous solution. Measuring software installed on the PC automatically transforms

the measured data into their output images.
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6.4.2. Sensing parameters

As mentioned in section 6.2 the Vour is the measured result including attenuation by the readout circuit.
A sensor’s gain (gsen) of the whole system can be achieved by measuring a ratio between input and

output voltages and can be written as

gsen = dVOUT /dvref (26)

Moreover, the equation of a sensor sensitivity (Ssen) measured by using various standard pH solutions

is defined as

Ssen = (dVOUT /de) (27)

So that we can obtain the membrane pH sensitivity (Smem):

Smem = (dvref /de) = Ssen/gsen (28)

The gain was derived as a slope value of the linear region in the graph of Vref versus Vour, as shown
in figure 47. To our sensor, Vref was applied from -0.5 to 3.5 V and the gain was 0.51. The same gains
were verified, even though solutions were changed in pH 4.01, 6.86 and 9.18. The gain is previously
acquired before starting a biological measurement and is used to compensate the measured Vour into

the potential difference at the membrane surface (Vg).

In order to evaluate the pH sensitivity of the fabricated chip, the Vour versus pH curve was obtained
as shown in figure 48. The array area was immersed sequentially into buffer solutions according to
base-to-acid and acid-to-base directions. The result is an average of all pixels (65,536 pixels) of 10
frames, which was measured on an interval of 60 seconds to counteract the drift effect. A change of
27 mV/pH is obtained from the pH calibration curve with a correlation coefficient (R?) larger than
0.99. Therefore, the membrane pH sensitivity in this CMOS process is 55.1mV/pH which was
calculated using the gain. This value is very near to the theoretical pH sensitivity of Ta,Os-gate ISFET
that has been reported as 55~57 mV/pH 7. Since this result shows a good repeatability during the

tests using pH buffers, we verified our sensor can stably operate in the pH range from pH 3 to pH 10.

The next experiment in figure 49 was performed to present a time-course according to the pH change,
which implies that a biochemical reaction could be captured when the sensor is used for a cell
measurement. The chamber on the sensor was filled with pH 9.18 buffer to give a baseline signal and

then pH 4.01 buffer was added to initiate the reaction. In this measurement, the pixel placed at the
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center (128, 128) of the array was used, and the Vref of 1.55 V and at 25 MHz ADC clock frequency
was applied to achieve a frame rate of 15 frames per second (fps). The histograms presented in figure
50 represent the Vg distribution across all pixels at the point of 9 seconds and demonstrates an
excellent uniformity of the pixel responses with the standard variation () of 0.0029 V. Additionally,
the o means a noise signal measured from our sensor. Using this value, the minimum detectable pH

change, i.e. pH resolution (pHreso1) can be obtained from

PH.._. — /S (29)

resol mem

Therefore, the calculated pH resolution is about 0.06 pH. The resolution can be degraded at higher

ADC clock frequency, due to the increase of noise signals.

Figure 51 shows the same responses can be observed with much higher operating speed of 1933 fps
at the other pixel (18, 87). 96 data were recorded in 0.05 seconds. The frame rate was achieved, when
the measurement software selectively outputs data of 128 odd rows x 128 odd columns in the pixel
array at an ADC clock frequency of 300 MHz. The improved temporal resolution is expected to make

possible to observe small and fast changes of biomolecules in the microcellular level.

Based on the experimental results, we conducted a monitoring of ion diffusion behavior. The recorded
data from each pixel are processed to construct 2D images in real-time, as shown in figure 52. We
tested the slowest and fastest frame rates, 15 fps and 1933 fps, to verify the imaging ability of our
sensor and successfully obtained the images composed of 256 x 256 pixels and 128 x 128 pixels,
respectively. After dropping a few grains of potassium hydrogen phthalate into a solution of pH 9.18,
the transient response and progress of the diffused acid across the sensor surface were monitored at
full spatial resolution. This diffusion scenario is analogous to the release of protons from cells and

provides spatial and temporal information on how the reaction begins and progresses.
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6.4.3. Summary

Table 2 summarizes the performance characteristics of the proposed pH image sensor, and table 3
compares the sensor with other state-of-the-art pH image sensors 6106108109115 - Qur sensor has not
only an excellent spatiotemporal resolution and a pH sensitivity of 55.1 mV/pH, but a real-time
imaging ability to visualize the measured information. The attempted fastest frame rate was 1933 fps.
To our knowledge, only our sensor provides the highest spatial resolution combining with significantly

fast imaging speed compared to the previously reported pH image sensors.

Table 2 Summary of sensor performance parameters

Process technology 1P4M 0.15 pm CMOS
Pixel transistors 3 transistors
Ion-sensitive membrane TaxOs
Ion sensitive membrane
) 1.6 fF
capacitance
Membrane thickness 300 nm
Pixel pitch 2 x 2 um?
. 256 x 256 (programmable 128 x
Pixel array
128)
Chip size 5.2 x 5.2 mm?
Sensing area 1.42 x 1.42 pm?
Supply voltage 33V
1933 fps
Maximum frame rate )
(with 128 x 128 at 300 MHz)
Membrane surface pH sensitivity 55.1 mV/pH
pH resolution 0.06 pH (at 25 MHz)
pH sensing range pH3 ~pH 10
ADC clock frequency 25~300 MHz
ADC dynamic range 0vV~14V
ADC eftective number of bits 9-bits
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6.5. Evaluation of practical spatial resolution

In this section we demonstrate the practical spatial resolution of the proposed pH image sensor. In
general, the spatial resolution of the highly integrated ISFET array refers to the number of pixels and
pixel pitch. However, the practical spatial resolution has not been tested by standard quality assurance
procedures such as an analysis of the modulation transfer function (MTF) in test objects '22. Therefore,
we propose for the first time the use of a line pattern as an evaluation method to compare how different
the pixel pitch and practical spatial resolution are in electrochemical imaging applications. Based on
the theories of the surface reaction and double layer model described in section 6.2 this test was carried
out on the assumption that the pH change can only be measured on the sensor surface. The image blurs
due to an ion diffusion in the bulk solution was not considered. Based on the measured results, we

assume the reason why the spatial resolution is degraded and verify it with a simulation program.

6.5.1. Experimental evaluation method

In figure 53 (a), patterns of line and space with various widths from 2 pm to 30 um are arranged in a
resolution test chart. This test object was formed on the sensor surface by a photolithography technique.
At first, OAP and a photoresist (THMR-1P3100, Tokyo Ohka Kogyo. Inc.) were spin-coated on the
top of the sensor at 500 rpm for 5 s and 3000 rpm for 25 s. Before exposing the sample for 9 s at i-line
by a mask aligner (MA6, SUSS Micro Tech.), it was post-baked at 100 °C for 90 s. The patterns were
developed by NMD-3 (Tokyo Ohka Kogyo Co., Ltd.) and rinsed with deionized water.

To produce a set of test images with different sharpness, the test object prepared on the sensor top
was immersed in a solution of pH 9.18. The optical and measured images of patterns are compared to
confirm the position where line and space is placed on the pixel array. Due to the low capacitance of
the used positive photoresist, the pixel covered with the resin does not have a sufficient pH sensitivity
in the applied range of Vref and is presented as a black dot in the measured image. Since the top
structure of a pixel consists of a metal top area of 1.42 um % 1.42 pm and a spacing of 0.58 um, the
3.5 um wide lines must cover at least one column in pixels. However, the image of narrower lines than
3.5 um gives us the blurred edges and mismatched shapes, while the image of the lines wider than 4.0
pum shows the comparatively well matched and sharp edges of lines, as shown in figure 53 (b) and (c).
We think the blurred image is caused by unintended capacitive coupling, and will discuss this further
in the next section. From this method, we conclude that the practical spatial resolution of our sensor
is about twice that of the pixel pitch. It means that the sensor can distinguish and image objects that
are farther than 4.0 pm apart. The resolution would be sufficient to distinguish synapses in a low

density!!2,
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Figure 53 The proposed evaluation method. (a) Test object and measurement setup; (b) optical
image of the patterned sensor surface; (c) the measured image. The images of 4.0-um-wide lines
from (b) and (c) shows the comparatively matched edge of lines, but in case of the images of 3.5-

pm-wide lines the line edge blurs and mismatches.
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Figure 54 A cross-sectional view of A-B line in figure 53 (a).
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6.5.2. Comparison with simulation result

The signal crosstalk observed at the pixels below the object patterns would imply that there are
capacitive couplings such as C; and C; in a Ta,Os membrane as shown schematically in figure 54. The
coupling effect among pixels is considered as a main factor to degrade the sharpness in an image of
the object. A model of the coupling effect through the Ta,Os membrane covered electrode array is
verified by a 3D device simulator (SPECTRA, Link Research Co.), as shown in figure 55 (a). The
spacing between metal tops and the dimension of a metal top are 0.58 pm and 1.42 pym x 1.42 pm,
respectively. Membrane surface voltages are differently given at the left and right sides on the model
surface, and the difference value is 55.1 mV which corresponds with 1-unit change in pH according
to our sensor's sensitivity. TaOs membranes with thicknesses of 50, 100, 300 nm are used for
investigating the attenuated voltage value by the coupling effect. The surface membrane potential

difference (AVg’) between metal top 1 and 2 is obtained as below,

AVG' :VMetaIZ _VMetall (30)

The closer the value of AVg- is to 55.1 mV, the less the coupling effect, i.e. the higher discriminating
ability between pixels. Figure 55 (b) shows the simulated results depending on the spacing (a) between
the metal top 1 and 2, and the membrane thickness (d). From this graph, we verified that the coupling
effect decreased according to the increased spacing distance and the declined effect emerged as the
distinguishable voltage difference when the spacing is expending to a particular distance (drhreshold).
Moreover, it shows that the drueshola Starting to occur the voltage difference was shifted inversely
proportional to the Ta,Os membrane thickness. In case of our sensor containing the spacing distance
of 0.58 um and the membrane thickness of 300 nm, the voltage difference of 42.2 mV was occurring.
In other words, the changed surface potential on nearby metal tops transmitted through the Ta,Os
membrane and reached into the metal top 1 as much as 23.4 % of the measured value in the metal top
2. Using the sensor with the 300-nm-thick Ta,Os membrane, the crosstalk signal is decreased below
1 % when metal tops place more than 4 um away. It supports that the practical spatial resolution of 4

um previously determined by the experiment in section 6.5.1 was reasonable.

Based on these results, we suggest that the spatial resolution of electrochemical image sensors should
be redefined as an importance performance characteristic separated from the pixel pitch. Owing to
enhance the practical spatial resolution of our sensor, we will explore new sensor designs considered
the membrane thickness and pixel spacing distance as well as measures such as a lift-off process of

creating patterns of the membrane on metal tops.
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7

Concluding remarks

To analyze the very complexing chemical communication in the brain, it is very important to have a
multiple monitoring capability such as spatial, temporal and quantitative information on individual
chemicals. In order to get the multiple monitoring of more than one hundred of neurotransmitters and

their co-releasing combination, the possibility of selection of elements is of interest.

In the first of this thesis, we have shown the possibility of multiple monitoring of two neurotransmitters
and H* ions by the enzyme-immobilization technique that is the integration of an imaging device
technique and ISFET based enzyme sensors?’. The most important advantages of this technique are
that we can not only simply change the kinds of proton-consuming or-generating enzymes according
to the neurotransmitters wishing to analyze, but also immobilize them in a desired shape on a pH

image sensor by photolithography technology.

Next, based on this technique, we have developed a bio-image sensor that can simultaneously image
the spatial and temporal distribution of multi-neurotransmitters with the reduced crosstalk signals. The
porous barrier layers and microhole array constructed on a pH image sensor provided the enhanced
spatial resolution by minimizing signal overlap by H* diffusion after enzymatic reaction, as well as
most suitable spacing and thickness among the enzyme-immobilized pixels and the null pH sensor.
Since diffusions of biomolecules are unavoidable at measurements in biological environment, the
suggested diffusion preventing means will be very useful for using electrochemical biosensor. Multi-
detection ability of the fabricated bio-image sensor was demonstrated to obtain simultaneous imaging
of the concentration gradients of ATP and ACh in real-time. The bio-image sensor combined with the
microhole array is not mentioned in this thesis, because the study has been continued by other master

student. The sensor with microhole array could also enhance the discrimination ability of chemicals.

In the last section, we also attempted to improve the sensor performance, such as smaller pixel pitch and
higher imaging speed for enhancing spatio-temporal resolution of our pH image sensor®®. New circuit

designs were considered for the smaller pixel structure and efficient readout. The fabricated sensor's
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Figure 56 The great discovery and new viewpoint brought by new analysis tool.

characteristics were experimentally demonstrated and compared to those of the state-of the-art pH image
sensors. Notably, our sensor had the smallest pitch of 2 um with quite a high frame speed of 1933 fps. In
order to evaluate the practical, spatial resolution of biochemical image sensors or arrays, we proposed
the evaluation method at first and discussed the results and reasons why the designed pixel pitch and
the experimentally obtained practical spatial resolution were different. We believe that these results
are able to alert other researchers to the existence of other factors relating to the imaging resolution of

various biochemical platforms based on CMOS process.

As a further work, we will move to apply this bio-image sensor to measure chemical signals in the
brains. Since the biochemical imaging is the recently flourishing area, it is expected that there are
many challenges for actual application of our sensor. In case of in vitro drug tests with cultured cells
or sliced brains, our sensor might be a very powerful analysis tool due to its bigger range of measurable
elements. In case of in vivo or implantation experiments, as same as the fundamental problems of
semiconductor based ISFET sensors, the stable potential in liquid for operating ISFET, the device size
such as reference electrode and peripheral circuits and the flexibility of sensor substrates should be
considered. Additionally, the mutual influence between the immobilized enzymes on our sensor and
cells needs to be surveyed because cells also widely use the enzymatic reactions for their metabolism.
Finally, when the usefulness of the sensor is going to be obvious, the database of sensing information

according to the pair of an enzyme and a neurotransmitter will be necessary to customize.
New tools always bring new perspectives with us, like the first microscope in figure 56 did that. I wish

that our effort could be one step for the better future. Thank you for reading my thesis. I hope you

enjoyed reading it.
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