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Preface

Evolution in nanoscience and nanotechnology has created new opportunities to
influence future society through creation and accumulation of wisdom, techno-
logical innovations, and applications to society. It is predicted that we will face
further deterioration in global warming, exhaustion of natural resources, shortage of
food and potable water, and congested cities without that evolution.

In order to solve or mitigate these serious global issues in the future, advanced
functions created by nanoscience or nanotechnology should be combined with life,
information, and materials science and engineering, which can evolve into inte-
grated intelligent nanosystems. The “Creation of Nanosystems with Innovative
Function Through Process Integration” program was launched in 2008 as one of the
CREST (Core Research for Evolutional Science and Technology) programs in
Japan to pursue the construction of nanosystems, which could be the first step
toward the integrated intelligent nanosystems through the integration of top-down
and bottom-up processes. One of these has been developed for nanofabrication of
large-scale semiconductor integrated circuits and the other is exemplified by
self-organization using autonomous chemical reactions. One of the coeditors was
assigned as a research supervisor of the program. In the beginning, the nanosystems
were envisioned as new functional electron devices with their critical dimensions
far less than the miniaturization limit of current semiconductor technology. This
was achieved by using the self-organized structures of bio-materials and autono-
mous chemical reactions. Nano-bio devices with capabilities of handling single
cells and molecules also were accomplished by probing their dynamic behaviors
using highly advanced semiconductor technology, and thus are expected to bring
dramatic progress in diagnosis, clinical treatments, and drug development.

In the project, 16 of many excellent proposals were selected with the aim of
realizing intelligent nanosystems over 3 years, and the research based on each
proposal has been performed for 5 years. This book is the result of those efforts to
realize the nanosystems, which can be classified into the following six groups:
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. Nano-bio devices utilizing advanced semiconductor technology

. Nano-bio devices utilizing micro- and nano-fluidics technique

. Advanced electronic and photonic devices utilizing a biotemplate technique

. Synthesis of unique nanostructured materials and their energy, display, and
catalysis applications

. Electronic and photonic devices on soft substrate

6. Thermal and mechanical application of spintronics.

AW N =

9,1

We understand that there is still a long way to go, but we believe that these
attempts are important first steps toward the construction of intelligent nanosystems
to resolve issues in the fields of energy, electronics, and health and medical care.

Finally, let us thank Drs. Y. Baba, Y. Bando, T. Degawa, T. Fuyuki,
K. Kurihara, K. Matsumoto, S. Nishimoto, K. Ohashi, T. Ono, T. Shimizu, and
K. Torimitsu for their valuable advice and their continuous encouragement as
advisers to the program. We would like to extend our sincere thanks to Dr.
A. Araoka for her great contribution, particularly for the start of the program. We
also would like to thank members of the Japan Science and Technology Agency for
their continuous 8 years of support for the program.

Tokyo, Japan Jun’ichi Sone
June 2016 Shinji Tsuji
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Chapter 1
Evolution of Nanotechnology
to Intelligent Nanosystem

Jun’ichi Sone

Abstract The progress of miniaturization and integration of discrete semicon-
ductor devices toward the dimension of nanoscale range according to the Moore’s
Law has led a dramatic increase in the performance of electronic systems and
brought about IT revolution. It has been a major driving force for the progress of
nanotechnology these days. Today, we are facing many industrial and social issues,
such as physical difficulties of device miniaturization, threats to the environmental
sustainability represented by a global warming, and growing demands for medical
and health care in an aged society. Nanotechnology is highly expected to provide
solutions to these issues through technological innovation. They include further
increase in the performance of electronic devices by introducing new nanomaterials
or quantum effects occurring in nanoscaled structures, renewable energy generation
by using functional nanomaterials, and highly sensitive detection and characteri-
zation of biomaterials by microchips. In order to fulfill those demands as a whole,
the development of nanotechnology would be required to evolve to the intelligent
nanosystem through the pursuit of the technological limit of individual nanotech-
nologies and their fusion. This book contains the attempts of research members
participating in the Core Research for Evolutional Science and Technology pro-
grams of the Japan Science and Technology Agency with title of “Creation of
Nanosystems with Novel Function through Process Integration” to realize the
intelligent nanosystem. While there is still a long way to go, these attempts are
important steps without doubt toward effectively applying nanotechnology to
resolve issues in the fields of energy, electronics, and medical and health care.

Keywords Nanotechnology - Nanoelectronics - Intelligent nanosystem - Process
integration - IT revolution - Sustainability
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1.1 The Historical Evolution of Nanotechnology

Before going to describe how nanotechnology have been evolving historically and
why the nanosystem is required as a social demand, the structure of nanotechnology
is needed to be clarified. Figure 1.1 shows the whole view of nanotechnology
quoted from the report [1] of the Center for Research and Development Strategy in
Japan Science and Technology Agency. Nanotechnology is built on nanoscience
which is formed by the integration of fundamental sciences such as material sci-
ence, optics, life science, information science, and mathematical science.
Nanoscience has been developed as science dealing with physical, chemical, and
structural phenomena occurring at the nanoscale. Common basic technologies, such
as manufacturing, measurements, and simulations, are structured on nanoscience,
and applications of these technologies to materials lead to the development of
devices and components. They form cross-cutting technologies in the field of
environment, energy, health and medical care, social infrastructures, information
and communication, and electronics. Eventually, nanotechnology is expected to
play an important role as an innovation engine in these fields.

The historical evolution of nanotechnology is described schematically in Fig. 1.2.
The second half of the twentieth century was a time of dramatic industrial growth
driven by the progress of science and technology. This progress started from the
emergence of quantum mechanics at the beginning of the century. Based on this new
concept, physics and chemistry rapidly evolved, and many new technologies were
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Transition of Society and Evolution of Nanotechnology
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Fig. 1.2 Transition of society and evolution of nanotechnology

created especially after World War II. Consequently, various industries, such as the
electronics, automobile, and chemical industries, made significant growth. For
instance, in the semiconductor industry, the development of the miniaturization and
integration of the discrete semiconductor devices on a chip according to the Moore’s
Law [2] lead to dramatic improvements in the performance of the electronic devices
and their subsequent widespread use in various electronic systems has enriched our
life. After 1990, personal computers, mobile phones, and the Internet flourished due to
the advancement of the digital processing capability of semiconductor chips, which
gave birth to the revolution of the information technology. The research and devel-
opment of nanoelectronics to support the IT revolution had been a major driving force
for the progress of nanotechnology in these days.

Around 2000, technological difficulties in the miniaturization of semiconductor
devices became remarkable and the demands to overcome such difficulties increased.
Similarly in the magnetic storage system using hard disc drives, miniaturization of the
magnetic memory domain, which had been driving the increase of the memory
capacity, also came to the point where technological breakthrough was required to
further enlarge memory capacity. Various technological challenges have been made
to overcome these difficulties. One approach is to utilize new materials in key parts of
the devices, for example, high-k gate insulators and metal gates instead of SiO,/poli-Si
gate structure, and CNTs or graphenes as semiconductor channels. Another approach
is to utilize quantum effects actively as an operating principle, such as quantum dot
devices and spintronic devices. The research and development in the most of these
challenges are still under way with expectations to open the new possibilities of
nanoelectronics.
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Nanotechnologies have also become increasingly important in the advancements
of the life sciences. Since the completion of human genome sequencing [3], a large
expectation to understand biological phenomena rationally has arisen, and many
scientists not only in the life science but also in the material science and the
information science have become interested in the progress of life science and have
tackled challenging tasks in the life science together. Consequently, many dis-
coveries of new phenomena and developments of new technologies have been
made successively. The development of iPS cells was one of those achievements
[4]. The core nanotechnologies, such as characterization tools at the atomic and
molecular level, molecular level simulation, nanofabrication technology, and
material synthesis at the nanoscale range, would accelerate further the progress of
the life science as powerful tools for its development.

Increasing concern about environmental sustainability is also a key driving force
that makes development of nanotechnology important. In order to solve sustain-
ability issues such as global warming, depletion of natural resources, and shortage
of food and water supply due to the explosive increase of human population in the
global scale and globalization of the economic activities, nanotechnology is highly
expected to play an important role through the fusion with life science, information
technology, and material science.

1.2 Social Expectations and the Nanotechnology’s
Potential

In the future advanced information society, various sensors with networking
capability would be deployed in our surrounding. Large amounts of information
obtained from sensors would be uploaded in the wireless network, and delivered to
a cloud computing system. The massive information collected from a variety of
sensors could be processed and analyzed, and new valuable knowledge would be
created through their analysis. It would be delivered to persons who need it through
various man—-machine interface devices. In order to realize such a scheme, it is
imperative to develop various devices based on nanotechnologies. What are
expected as key devices among them are intelligent sensors with sensory capabil-
ities exceeding human’s eyes, noses, ears, and so on, as well as those with the
capability of real-time monitoring human’s health and environments. Those sensors
could be integrated on a silicon chip with compact batteries or energy-harvesting
devices to convert various environmental nonelectric energies to electric ones.
These integrated devices may be used in a wearable or even implanted form. Thus,
we could enjoy convenient and comfortable life in a safe and reliable environment
in the advanced information society in future.

On the other hand, issues on environmental sustainability are becoming an
international concern and nanotechnologies are also expected to play an important
role in this regard. Those are the technologies to produce electric energies or
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hydrocarbon chemicals without putting a heavy burden on the environment, such as
solar cells, fuel cells, thermoelectric devices, photocatalysis, and artificial photo
synthesis. Although the physical mechanisms of these devices have not changed
much since their original forms, nanotechnologies can be used to vastly improve
their performance, cost, and reliability by introducing new functional materials.
Many of these devices also rely on critical metals or rare earth elements in their key
parts. Therefore, it is also important to realize equivalent or even better device
performance using naturally abundant materials.

Nanotechnology is important also from the standpoint of protecting the envi-
ronment through technologies that monitor hazardous gases and polluted water and
remedy polluted environment, for example, using separation membranes with
highly dense nanopores. In fact, ensuring sufficient drinkable water resources is a
serious issue globally, particularly in some parts of the Asia, Central America, and
Africa where water is heavily contaminated with arsenic [5]. The development of
separation membranes and contaminant adsorbents is urgent demands to remove
radioactive substances in the water and soil contaminated by the nuclear plant
accident at Fukushima in 2011. Those technologies would also be effective to
remove contaminants in the large amount of discharged water that result from the
hydraulic fracturing methods used to extract shale gas and oil.

Nanotechnology also has great potential in the medical and healthcare sectors.
Recent progress in the life sciences is striking, particularly as exemplified in the
completion of human genome sequencing or the generation of iPS cells. Innovation
is highly expected as a result of the combination of the advanced semiconductor
technology and the growing life science, for example through the integration of
biological materials such as DNA, proteins, and cells on semiconductor chips.
Various researches are currently underway through their combination with the aim
of diagnosis and clinical treatment applications. For example, scientists are cur-
rently observing the dynamic behavior of biological materials and identifying their
characteristics by applying them to artificial nanostructured devices such as
2-dimensional imaging and microfluidic ones. Similarly, scientists are conducting
research utilizing nanomaterial as a transporter in a drug delivery. While expecta-
tion of the application of iPS cells in regenerative medicine is expanding, scaffold
materials are necessary in order to induce differentiation of the iPS cells to a specific
organ. Thus, the combination of nanoscience, material science, and life science is
highly required to induce progress in the developments of disease diagnosis, drug
discovery, and regenerative medicine.

1.3 Toward an “Intelligent Nano-System”

As described above, the technological development of nanotechnology is evolving
toward the stage to fulfill social demands. The first step of the nanotechnology
evolution is the pursuit of the technological limit of individual technologies, for
example, the emergence of the scanning probe microscope that probes individual
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atoms and molecules, or ultimate miniaturization of semiconductor devices where
innovations of every elements of fabrication including lithography are required.

The second step of the nanotechnology evolution is the fusion of individual
technologies, creating new functions. In the semiconductor device development, for
example, various functions of photonics, spintoronics, MEMS, or biological
materials are integrated on a silicon chip by introducing new materials to link such
heterogeneous functions, leading to the emergence of new functional devices.

The final stage of nanotechnology evolution is the creation of nanosystem,
where highly advanced elements of nanotechnology are integrated and evolved into
an intelligent nanosystem to provide advanced function to fulfill the social demands
as a whole. In the electronics sector, it would be an internet of things (IoT) device
with sensing, communicating, and energy-harvesting functions, and a microrobot
with artificial intelligence. In the biotechnology sector, it is a drug delivery system
with a nanoparticle transporter, possessing both diagnosis and medical treatment
capabilities, to be used in the clinical application. It could also achieve noninvasive
medical treatment through combination with the physical energy generated from an
optical beam, ultrasonic wave, or neutron beam.

Figure 1.3 shows a concrete example of the nanosystem to enable advanced
information society in future [6]. Various sensors deployed in our surrounding
collect massive data continuously, which are transmitted through communication
networks to a high-performance computing system in a data center. New

Advanced Information Society Enabled by Nanosystem
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Fig. 1.3 Advanced information society enabled by an intelligent nanosystem



1 Evolution of Nanotechnology to Intelligent Nanosystem 9

knowledge or information is produced in the data center from the massive data and
delivered to individuals on demands through various man—machine interface
devices. These services are made possible by the combination of sensor networks,
cloud computing system, and man-machine interface devices, where nanoelec-
tronic, magnetic, and photonic devices enable massive data processing, storing, and
transmitting. Thanks to these services, one can enjoy safe, secure, and comfortable
life at home. It is particularly effective for aged persons at home, in the sense that
they can enjoy virtual reality experiences, such as travels or museum visits without
going there, and communication with family members in a remote place. Smart
robots will take care of those peoples and homes when family is out by notifying
the situation to an appropriate person when something irregular or abnormal hap-
pens. Such smart robots are composed of sensor devices, actuating devices, bat-
teries, and nanoelectronic processor chips, working together as a nanosystem for
robot operation.

In such an advanced information society, health condition for individuals would
be monitored continuously by wearable monitors attached on a body and data
collected by the monitor will be transmitted to a medical center. One can receive
personalized medical service from a doctor when needed, based on the collected
data and personal data stored in the center through a remote communication system.
The wearable health monitor is composed of various sensing devices, wireless
communication devices, and small batteries with high-energy density or
energy-harvesting devices integrated on a sheet-like substrate, working as a
nanosystem for health and medical care.

One can enjoy safe and comfortable driving with the least environmental load by
CO,-free electric vehicles or fuel cell vehicles. The car navigation is supported by
the information obtained from the intelligent transport system (ITS) and from the
car-to-car communication. Thus, autonomous driving becomes possible by sensing
surrounding traffic conditions, recognizing the present situation, and controlling the
drive. The sensing devices of millimeter or laser radars and 2D image sensors, 3D
real-time recognition Al chips, and mass storage devices containing road-map data
work together as a nanosystem, enabling the autonomous driving.

In the future smart office, electric power consumption is saved by building
energy management system (BEMS), and secure ICT environment ensures tele-
conference meetings and teleworks in remote places using mobile terminals. Solar
cells installed on a roof, secondary batteries to store the energy produced by the
solar cells, stationary fuel cells for a distributed power supply system, and
high-efficient power electronic devices work together as a nanosystem for energy
saving in the office building with BEMS.

In order to realize the intelligent nanosystem to resolve the various social
challenges, it is imperative that scientists and engineers in various fields compete
and collaborate with each other to develop nanotechnology to a higher level.
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1.4 Organization of the Book

In this book, various attempts to realize an intelligent nanosystem are described by
authors who have engaged in the Core Research for Evolutional Science and
Technology (CREST) programs of Japan Science and Development Agency with title
of “Creation of Nano-systems with Novel Function through Process Integration.” In
part II, biosensing, imaging, and cell manipulation are described as an intelligent
nano-system based on the fusion of bio and neuroscience and the semiconductor
technology with nano and micro fabrication. In part III, original technologies on
microfluidics and MEMS are described with their biological applications for
single-cell sensing and manipulating as well as their energy device applications. In
part IV, original nanofabrication technologies using a biotemplete method and
damage-free neutral beam processing are described with emphasis on electronics and
photonics applications using quantum dot structures. In part V, fundamental tech-
nologies for nanosystem integration are described, which include the unique synthesis
of concentrated polymer nanobrushes, metallo-supramolecular polymers, and inor-
ganic subnanoparticles using a dendrimer template with energy and biological
applications, electrochromic display applications, and catalysis applications,
respectively. They also include electrochemical manipulation of biocells with smart
biodevice applications and low temperature growth of gallium and indium nitrides on
flexible substrate with electronic and photonic applications. In part VI, a new concept
of spintronics is discussed from the standpoint of fundamental physics, which
demonstrates the possibility of thermal and mechanical applications of spintronics.

We believe that these attempts described in this book are important steps to build
up the concept of an intelligent nanosystem, while there is still a long way to reach
the final form. I hope the continued researches on nanotechnology would lead to the
development of future intelligent nanosystems, providing the solutions for serious
global issues.
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Chapter 2
Field-Effect Transistors for Detection
of Biomolecular Recognition

Miyuki Tabata, Tatsuro Goda, Akira Matsumoto and Yuji Miyahara

Abstract Electrical biosensors have attracted increasing attention in such fields as
point-of-care testing, drug discovery, and healthcare products. In order for
next-generation biosensor platforms to become more useful in our daily lives, it will
be necessary to significantly improve their sensitivity, specificity, and parallelism.
A precisely designed thin layer in molecular dimension on a solid substrate is
essential for biosensing. The surfaces of biosensors are designed to capture target
bioanalytes. In addition, the solid/liquid interface plays an important role in real-
izing additional functionalities such as target manipulation, signal stabilization, and
switching. A functional interface combined with a field-effect device would enable
on-demand label-free biosensing in a portable format. In this chapter, we provide an
overview of biomolecular recognition in the context of electrochemical sensing and
biosensing. Also, we review recent progress and trends in biosensing, including our
own research.

Keywords Biosensor - Biotransistor « ISFET - Sialic acid - Transporter

2.1 Introduction

Since the first ion-sensitive field-effect transistor (ISFET) was reported by Bergveld
[1], various types of ISFETs and biochemical FETs have been developed, some of
which have been commercialized as pH-sensors for laboratory, medical, and food
applications.

Biosensors generally consist of transducers and membranes on which biologi-
cally active substances are immobilized. In the transducer, physical and chemical
changes at the membrane, which occur as a result of biochemical reactions, are
converted into electrical signals. These devices can record electrical, thermal, or
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optical outputs from biological reactions on a sensing surface. For practical
applications, biosensors have been developed for detecting ions [2, 3], molecules
[4], proteins [5, 6], DNA [7-9], viruses [10], etc. In general, bioassays rely on
tedious labeling processes involving fluorescent dyes [2, 11], radioactive labeled
probes [12, 13], or digoxigenin [14]. By contrast, label-free methods make systems
simple, cost efficient, portable, and user-friendly. Several label-free methods have
been proposed to date, including surface plasmon resonance (SPR) [15-17], quartz
crystal microbalance (QCM) [18, 19], and electrochemical methods [20, 21].
A pH-sensitive ISFET has been used as a transducer in combination with enzymes
that produce or consume hydrogen ions during enzyme—substrate reactions. As a
result, a pH change is induced around the immobilized enzyme membrane, and this
change is detected by the ISFET. Biochemical FETs have several advantages,
including small size, low cost, and large-scale integration with other sensors and
signal-processing circuits on a single chip. The type of target biomolecule to be
detected and its selectivity can be determined by receptor molecules and materials
coated on the surface of the gate insulator of the FET. The design and fabrication of
functional interfaces on transistor gates are keys to achieving efficient molecular
recognition and its transduction to electrical signals in a solid-state substrate.

With the rapid growth of knowledge in the fields of medicine and biology, the
number of biomolecules to be detected and the types of information to be gathered
are also increasing. Meanwhile, advanced micro- and nanotechnologies in elec-
tronics have been applied to these fields to facilitate parallel processing of infor-
mation, miniaturization of analytical devices, and exploration of molecular
mechanisms in biological systems. Solid-state biosensors, in which semiconductor
devices are used as the transducer, are typical examples of fusion between
biotechnology and microelectronics.

In this chapter, we introduce design and fabrication of functional nanointerfaces for
biomolecular recognition and its transduction to electrical signals, as well as their
application to field-effect transistors for biomolecular sensing. So-called “bio-FETs”
have advantages over any conventional sensors in terms of miniaturization and
integration due to the compatibility to established semiconductor fabrication tech-
nology. A key challenge for bio-FETs is development of sensing surfaces that can
capture a wide variety of target species from ‘dirty’ real-world samples. Therefore, itis
very important to create methods for designing functional interfaces.

2.2  Working Principles of FET-Based Biosensors
(Bio-FETs)

2.2.1 Principles of Bio-FETs

A great deal of attention has been paid to bio-FETs in the field of bioanalytical
applications. Bio-FETs detect biological events such as nucleic acid hybridization,
protein—protein interactions, antigen—antibody binding, and enzyme—substrate
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reactions. An FET consists of three electrodes: source, drain, and gate. The positive
gate voltage attracts electrons from the bulk to the surface of the substrate.
A sufficient number of electrons induced form a thin n-channel by electrically
bridging the source and drain. Otherwise, when a specific molecular recognition
occurs on the gate, the bio-FET detects the change of charge density at the interface
by an electrostatic interaction with the electrons in the n-channel (Fig. 2.1).
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Fig. 2.1 Schematic illustrations of FET-based biosensors. a FET-based biosensor composed of a
functional interface and signaling transducer. b Working principle of a device for detecting DNA
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As shown in Fig. 2.1a, the bio-FET detects the change in charge density, occurring
within the electrical double layer of the gate/solution interface, as a shift in the
threshold gate voltage (V). The Debye length, an index of the thickness of the
double layer, is given by the following Eq. (2.1):

S5 = (ceokT/2¢°1)"? (2.1)

where ¢ is the relative permittivity, &y is the permittivity of the vacuum, kT is the
thermal energy, ¢ is the electric charge, and [ is the ionic strength of the solution.
The change in charge density based on molecular recognition must occur within the
Debye length, whereas the change in charge density induced outside the Debye
length is shielded by counter ions and cannot be detected with the bio-FET. The
Debye length on the gate is considered to be a few nanometers in the physiological
sample solution; therefore, the design of the solid/liquid interface plays a critical
role in the development of the bio-FET.

2.2.2 Ion-Sensitive FETs (ISFETs) and Their Application
to a Bio-FET

The ion-sensitive field-effect transistor (ISFET), a pH-sensor, is the first miniatur-
ized silicon-based chemical sensor. In general, the gate used in such pH-sensors
consists of dielectric materials, such as SiO,, SizNy4, Ta,Os, and Al,O3, and the
selectivity and pH sensitivity of an ISFET depend on the properties of the
solid/liquid interface. A nucleic acid primer-extension reaction has been detected
using an ISFET [22, 23]. In this approach, single-stranded oligonucleotide probes
immobilized on a gate surface were hybridized with their target DNA molecules,
followed by sequential addition and washing steps with each individual deoxynu-
cleotide triphosphate (dCTP, dATP, dGTP, or dTTP) in the presence of DNA
polymerase. This process allows an unknown sequence to be determined, because
extension by DNA polymerase produces additional negative charges and protons in
a template-dependent manner. The increase in negative charges resulting from
primer extension can be detected as a Vy shift. The reaction can be monitored at
single-base resolution. Based on this fundamental mode of detection, a
next-generation high-throughput DNA sequencer was commercialized by Ion
Torrent (Life Technologies) in 2012 (Fig. 2.2). High-throughput reading and highly
parallel analysis are achieved by integrating millions of ISFETs on a chip in a
high-density array format using nanofabrication technology [24]. The sequencer
employs microbeads bearing a template DNA, amplified by emulsion PCR, to
perform accurate sequencing on a transistor. The extension reaction occurs on the
surface of the bead mounted on each ISFET, which detects the protons released
during the extension reaction. Currently, this technology is being further developed
for applications in tailored medicine.
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Fig. 2.2 Commercialized ISFET-based DNA sequencer. a Schematic illustration of sequencing
mechanism and electron micrograph showing wells. b Ion chip on wafer, die, and chip packaging.
Reprinted by permission from Macmillan Publishers Ltd: Ref. [24], copyright 2011

2.3 Sialic Acid Detection Using Phenylboronic Acid SAM
Modified FETs

Bio-FETs offer great potential for addressing major medical challenges in the fields
of diagnostics, therapy, and drug delivery. Fortunately, an electrical biosensor
platform composed of a target-capturing element and a semiconductor device (used
as a signal transducer) is compatible with high-throughput analysis via miniatur-
ization and integration into a small chip, which can then be used for decentralized
bioanalytical applications. We have successfully achieved a sialic acid
(SA) detection transistor using SA—boronic acid molecular recognition.

SA is present at the ends of sugar chains on the cell surface, and its density and
distribution are influenced by disease development and differentiation. Although
sialylated glycoproteins are abundant on the surface of cancer cells, their levels are
reduced on the erythrocytes of patients with insulin-dependent diabetes. Therefore,
quantitative analysis of SA on the cell surface serves as a powerful index for
diagnosis of metastatic tumors or diabetes. Phenylboronic acid (PBA) is generally
used as a probe molecule for capture of various sugars due to the covalent bond that
form between dissociated PBA and diols; even nondissociated PBA interacts
strongly with SA [25]. We recently proposed an FET-based SA detection as a new
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technique for label-free live-cell cytology [26]. To evaluate the ability of PBA to
recognize SA, a self-assembled monolayer (SAM) of PBA derivative (pKa = 9),
which has a thiol group at the end, was formed on an extended gold electrode gate
surface. Over a wide range of pH (5-9), only SA caused a significant increase of V
(+40 mV), and no significant signal was acquired in the case of mannose or
galactose. On the other hand, when similar measurements were performed at
pH = 9, PBA could recognize mannose or galactose. In this configuration, the
anionic charges of SA (due to carboxyl groups) bound to the electrode could be
detected as positive shifts in the threshold voltage (V) of the FET. Consequently, it
became clear that SA could be directly quantitated using PBA derivatives under
physiological conditions.

This PBA-modified FET was then tested for its ability to directly capture the
glycan component SA present on the cell surface [27] (Fig. 2.3). The device was
capable of quantitatively analyzing SA in rabbit erythrocytes in a type I diabetes
model, as well as in lungs into which mouse melanoma had been transferred as a
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Fig. 2.3 Quantitative analysis of sialic acid using a bio-FET functionalized with phenylboronic
acid. Assessment of tumor metastasis based on differentiation of the (pneumocyte)
surface-expressed (Reproduced from Ref. [26] by permission of John Wiley & Francis Ltd.),
and detection of sialic acid on the surface of rabbit erythrocytes as a relevant technique for the
diagnosis of diabetes (Reprinted with the permission from Ref. [27]. Copyright 2009 American
Chemical Society.)
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model of metastatic cancer. Therefore, we predict that this approach could be
applied in a simple device capable of quantitatively evaluating the degree of cancer
metastasis.

2.4 Monitoring of Kinetics for Transporter—Substrate
Interaction

In drug design, medical treatment, and cosmetics, it is necessary to screen for highly
active compounds from among vast numbers of candidate substances, such as
libraries of natural or de novo synthesized compounds. In general, various toxicity
tests and in vivo pharmacokinetic studies are performed in mammals to determine
the efficacy of such compounds. From the standpoint of animal protection, how-
ever, various alternatives to animal experiments have been advocated, and analyt-
ical technologies using cultured cells are becoming mainstream. Because novel
compounds are often precious, it is desirable to use small amounts of such samples
for analysis. Therefore, it is necessary to miniaturize the reaction field and the
detection space, both of which are possible using an evaluation device combined
with our transistor.

Membrane transport proteins can be regarded as gateways that connect the
cytosol to the extracellular environment. They play crucial roles in metabolic
processes and signal transduction that define the physiological functions in cellular
systems. So, the investigation of membrane transport proteins is important not only
in the field of cell biology but also in drug screening and development. Xenopus
laevis oocytes, eggs from a clawed frog native to South Africa, have become widely
used for studying membrane proteins such as ion channels and transporters.
Transporter is a membrane protein or peptide allowing for passage of specific
substrates such as ions and low molecular weight chemical species into or out of the
cell. When heterologous expression of a membrane protein is required, RNA or
cDNA encoding the target protein is injected into the oocyte. This X. laevis
expression system is useful for electrophysiolosical studies of the membrane protein
and drug development where a potential drug is screened against specific ion
channels or transporters expressed in the membrane of X. laevis oocytes. Binary
response, “hit-or-miss”, can be obtained to evaluate the efficacy of potential drug
candidates. Membrane transport activity can be detected using electrical conduc-
tance measurement, if the transport process results in a net transfer of charge. This
is usually achieved with the voltage clamp or patch clamp methods using a single
cell expressing the membrane protein to be investigated. Microelectrodes and their
precise manipulation are required for the electrical conductance measurements.
Insertion of intracellular microelectrodes into an oocyte is an invasive process and
glass microelectrodes with a very fine tip are typically used to reduce the disruption
of the cell membrane. A higher degree of experience and skill is required to achieve
stable and reliable measurements.
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We developed an integrated microdevice for measuring proton-dependent mem-
brane activity at the surface of X. laevis oocytes. By culturing an oocyte (female X.
laevis frogs) on the surface of the ISFET gate, the kinetics of transporter—substrate
interactions on the cell membrane can be monitored noninvasively. An overview of
this microdevice is shown in Fig. 2.4. The output voltage of this system at varying pH
buffer solutions was —58.0 mV/pH. This value is close to the ideal Nernstian slope
(—59.2 mV/pH at 25 °C), demonstrating the excellent pH-sensitive material of
Ta,0s. To evaluate this sensing platform as a cell-based FET, we conducted transport
experiments on oocytes heterologously expressing various membrane transport
proteins. These heterologously expressed oocytes were prepared by injecting of
mouse, flounder or human-derived cRNA according to cell engineering techniques.
The protons delivered and received through the cell membrane are used as tracers, due
to the much higher lateral diffusion rate of protons relative to other solutes [28].

Assays on oocytes heterologously expressing the proton-driven amino acid
transporter (PAT1) revealed a significant potential decrease upon exposure of the cells
to a 1 mM proline solution, reflecting the local pH increase at the ISFET interface
associated with intracellular inflow of a proton and proline. On the other hand, for
oocytes heterologously expressing the electrogenic sodium-coupled phosphate
cotransporter (NaPi-IIb), the signal deflection was reversed, indicating a decrease in
the surface pH of the ISFET. This phenomenon occurred because divalent (HPO?[)
and monovalent (H,PO, ) phosphate species with an assumed pK, = 6.8 are held in
equilibrium under physiological conditions, according to Eq. (2.2).

HPO;” +H* < H,PO, (2.2)

As a result of taking up divalent P; (HPO? "), the above equilibrium shifted to the
left hand side and protons were newly generated due to the depletion of the divalent
species. Similarly, it became clear that the transporter activity of NaP;-Ilc and PiT-2
could be evaluated by proton sensing. In addition, the signal was not detected in
cells expressing GAT1 and ENaC, which do not change proton concentration.
Thus, electrical phenomena at the cell membrane can be monitored using an ISFET
with high sensitivity (ApH = 0.01) and high time resolution (Af = 100 ms). The
cell-based transistors are expected to contribute to high-throughput screening in
pharmaceutical fields.

2.5 Nanointerfaces for Signal Transduction Using
Nanotubes and Nanowires

Functional chemical modification and fabrication of nanostructures at the surface of
the gates of FETs, described in the previous sections, can be applied to new types of
electron devices. Nanotubes and nanowire transistors are very attractive for highly
sensitive biosensing devices [29-32].



2 Field-Effect Transistors for Detection of Biomolecular ... 21

(a)

Air pressure l

Reference
electrode 100 pm

(b)

@ 4 1mmePro © +1mMePro

>
e j’m 2 E' out
[seascsessaas]
5my ._-_-_‘_\_‘_‘_‘_‘_-__-"—‘—'_
2 TR [sesecncssens]
in 1 in

Smv

Tmin

(b) +1mMPi (f) +1mMPi

o
out INa  HPO?

Sm\l’l ————

Sr“\‘l in v e in
+1 mM Pi +0.5 mM GABA @
(c) M HPOH (g) INGCE GABA
out out 'y
/\ mm
w T———————
. = Tmmn by
.‘ml in in
(d) +1mMPi (h) + 10 uM amiloride Hac
out 7 out I
i ” i | —
v l Trmn
2miv in (& in

Tmin
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Carbon nanotubes (CNTs) possess many unique properties such as high aspect
ratios, high mechanical strength, high surface areas, excellent chemical and thermal
stability, and rich electronic and optical properties, all of which are potentially
useful in electronics. Therefore, there has been an explosion of interest in the use of
CNTs for the development of biosensors. The high surface area of single-walled
CNTs (SWNTSs), estimated to be 1600 m*> g™, is of particular interest, because it
can provide a route to obtaining an impressively high density of biomolecules at the
detection interface. Since the first appearance of the SWNT-based FETs
(SWNT-FETs) [33], a large number of attempts have been made to apply the
SWNT-FET to a range of biomolecular targets. To fabricate SWNT-FETs, a
semiconducting-SWNT must be selectively (i.e., out of a mixture of
metallic-SWNTs) manipulated to ensure it contacts and bridges between the source
and the drain materials. SWNT-FETs are composed of either individual SWNTs or
dispersed networks of multiple SWNTs. The chemical vapor deposition
(CVD) growth method is typically employed for the fabrication of dispersed SWNT
networks on the gate surface, whereas microlithography and electron beam
(e-beam) lithography are common techniques for pattern source and drain contacts
[29]. At the detection interface, the SWNT not only provides dense surface area for
immobilization of biological receptors, but also serves as an electrical modulator of
the (SWNT-bridged) source—drain channel. The main factor causing changes in the
channel conductance is still controversial, and at least four possible mechanisms
have been proposed so far: electrostatic gating, capacitance modulation, Schottky
barrier effects, and carrier mobility change [34]. A variety of biological targets have
been successfully detected based on the SWNT-FET format, including protons and
small molecules such as, NH; and NO,, as well as relatively large targets such as
DNA (hybridization) and proteins.

Nanowires are solid, rod-like materials with diameters in the 5-100 nm range,
and are most often made from metals or semiconducting metal oxides. Silicon
nanowire (SiINW)-FETs have also emerged as powerful biosensors. The sensing
mechanism of SINW-FET can be understood in terms of the change in charge
density at the SiNW surface after molecular recognition, as well as typical
bio-FETs. This charge sensitivity is affected by many factors, including SiNW size
[35], Debye screening [36], surface chemistry [37], distance of the charge layer
from the SINW surface [38], and so on. However, SINW-FETs can achieve highly
sensitive detection of biological species by a complementary metal oxide semi-
conductor (CMOS)-compatible approach. The performance of SiNW-FETs has
been extensively studied in regard to detection of DNA [39] and protein [40]. Since
the fabrication process of SINW-FETs is compatible with the current CMOS pro-
cessing technologies, the gate region of the FET can be designed and defined
precisely and reproducibly. By combining nanowire transistors with our approaches
described previously (DNA or PBA-modified FET and cell-based FET), it is
expected that the further miniaturized and arrayed biotransistors would be realized
for functional analyses of a single molecule and a single cell, while we have to
develop a method that functional modification and nanostructure can be formed
selectively and separately on each gate.
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2.6 Future Perspectives

This chapter described several types of FETs for biosensing, focusing on design and
fabrication of functional nanointerfaces at the gate. Particularly for clinical appli-
cations, such nanointerfaces could play a crucial role in capturing a wide variety of
target biomolecules with high specificity and sensitivity, without nonspecific
binding, in ‘dirty’ real-world samples.

Using the FETs described in this chapter for detection of biomolecular recog-
nition events, it should be possible to develop a small instrument for use in
point-of-care testing. Indeed, a DNA sequencer employing an integrated transistor
chip has already been applied to cancer genome analysis in the context of tailored
medicine. These devices can be used not only in large hospitals but also in smaller
medical facilities or physicians’ offices, or even in a patient’s home. In addition, we
can take the small instrument out of the laboratory to detect nucleic acids of viruses
or microorganisms on site for the purpose of infectious disease testing. Thus,
transistor-based biosensing technology represents a useful and effective means for
real-time monitoring of the biosecurity level in our environment. In advanced
countries such as Japan, society is aging rapidly, and medical needs are increasing,
even while the capacities of hospitals and medical doctors remain limited. We
believe that one approach to improving this situation is to develop a system in
which medical treatment and clinical diagnostics can be performed on patients at
home. Such a system would require a simple, small, and highly sensitive detection
system for point-of-care testing.

2.7 Conclusion

In this chapter, we described the fundamental principles and present the use of
biotransistors with various sensing interfaces, including a discussion of our own
research. Many researchers are now addressing a range of challenges in biosensing:
miniaturization, parallelization for high-throughput analysis, integration, function-
alization, and increasing the S/N ratio. A fusion of nanobiotechnologies will enable
breakthroughs in biology and biotechnology, especially in fields such as drug
design and screening, nanomedicine, and genome-based tailored medicine. We
expect that biosensors with functional nanointerfaces will play important roles in
developing new modes of clinical care.
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Chapter 3

BioIlmaging System with High Resolution
and Sensitivity for Biological Science
and Medical Application

Kazuaki Sawada, Fumihiro Dasai, Koichi Okumura,
Masato Futagawa and Toshiaki Hattori

Abstract Bioimaging technology has been focused on medical and biological
field, and it is getting more important and necessary to achieve 2- or 3-dimensional
information of organic activity. By using solid-state type biosensor technology and
LSI technology, solid-state type bioimage sensors that are based on charge-coupled
device/complementary metal-oxide—semiconductor technology have been devel-
oped as semiconductor-based chemical imaging tools. These chemical imaging
tools are devices that not only determine quantity of analyte ions, but also acquire
label-free images of the local distribution of the ions, and chemical species in liquid
solution and cells with real time. By using this non-label bioimage sensor system,
real-time observation of neurotransmitters (Acetylcholine: ACh) and ions (K*, Na™,
Ca®*) in cells was carried out. Significant changes in K* were detected underneath
the hippocampal slices. K* ion was detected by the glutamate stimulation associated
with gating through potassium ion channels in hippocampal neurons without a
labeling process.

Keywords CMOS image sensor - Bioimaging - CCD - ISFET

3.1 Introduction

An ion sensor is one of the most important devices among biosensors because ion is
a basic parameter for medical and biological field. The most familiar pH sensor
using semiconductor technology is an ion-sensitive field-effect transistor (ISFET),
which detects the variation of current through the transistor when the ion con-
centration changes in solution. The ISFET for neurophysiological measurement in
1970 was introduced [1] and a lot of fundamental researches have been performed
on these devices and various applications were proposed [2, 3]. The ISFET is
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constructed an ion-selective electrode (ISE) and a metal-oxide—semiconductor
field-effect transistor (MOSFET). The normal metal or polysilicon gate electrode of
MOSFET is replaced by the electrochemical reference electrode in electrolyte
solution and an ion-sensitive membrane on the top of the gate insulator. For proper
operation of the ISFET, a gate voltage is applied to the gate insulator via the
reference electrode and the electrolyte solution. An electrochemical potential by
ions is modified on the surface of the ion-sensitive membrane and can be measured
as a shift in drain current or threshold voltage of the ISFET. The sensitivity of the
ISFET is derived from site-biding model. From this model, the maximum sensi-
tivity is 59.2 mV/pH for monovalent reaction at 25 °C, which is well known the
Nernst value [2].

Bioimaging technology has been focused on medical and biological field, and it
is getting more important and necessary to achieve 2- or 3-dimensional information
of organic activity. Bioimaging tools are an effective way to visualize these. The
bioimaging technology is able to apply, such as health care, food administration,
ion distribution with cellular activity, especially, cell exchange inside and outside
ions [4, 5]. It is important to detect the ion movement for understanding cellular
activity [6]. Fluorescence detection method is generally used in the field of life
science for bioimaging. This is because fluorescence detection method has several
merits such as sensitivity and possibility of multi-staining procedure.

On the other hand, imaging technique without fluorescent labels to understand
information of organic activity in human body for the regenerative medicine is
demanded. Chemical microscopes can be used to obtain clear images that display
localized chemical and biochemical materials. Various types of chemical micro-
scopes with micrometer-scale resolution have been applied to biological systems
[7]. Evolution of the microscope has yielded techniques, such as light-addressable
potentiometric sensor (LAPS) [8], which belong to a contact-type sensor and which
is label-free and noninvasive, in contrast with a fluorescence microscope. By using
solid-state type biosensor technology and LSI technology, solid-state type bioimage
sensors that are based on charge-coupled device (CCD) [9, 10] have been recently
developed as semiconductor-based chemical imaging tools. These chemical imag-
ing tools are devices that not only determine quantity of analyte ions, but also
acquire label-free images of the local distribution of ions and chemical species in
liquid solution with real time. In this section, we introduce developments and
applications of the CCD based bioimage sensor.

3.2 Principle of Array-Type CCD Ion Image Sensor

Charge-transfer-type ion image sensors with a photo-image acquisition function
have been studied [11, 12], and have applied them to the field of biochemical
analyses [13, 14]. These sensors, which have a 32 X 32 pixel arrangement [15],
have achieved outputs with lower variability between each pixel than those
achieved by other groups. Ion image sensors, which use a smaller pixel pitch, more
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pixels, and a higher frame rate, are required for the analysis of cell membranes and
for the responses of neural networks. We focused on the fabrication of an advanced
charge-transfer-type hydrogen ion image sensor [16] with a photo-image actuation
function, which has a 128 X 128 pixel configuration, a high pixel density, and high
frame rate performance. In order to meet these requirements, a specific fabrication
process for an ion image sensor based on complementary metal-oxide—semicon-
ductor (CMOS) large-scale integration (LSI) circuits was developed. A new scan-
ning method and output circuits with low output impedance were adopted to realize
a higher frame rate. The proposed sensor was performed to measure hydrogen ion
sensitivity, output signal variation, and hydrogen ion imaging.

3.2.1 Sensor Structure and Sensing System

The sensor includes a 128 X 128 pixel array, and an advanced read-out system was
adopted for the hydrogen ion sensor to achieve a higher frame rate. The basic
sensing principle is described here. A sensing element for hydrogen ions using the
charge-transfer technique is shown in Fig. 3.1. Figure 3.1a shows a cross-sectional
view in the case of the hydrogen ion measurement. Figure 3.1b—d show hydrogen
ion measurement procedures using the charge-transfer technique. The hydrogen
ions are adsorbed on a sensing membrane consisting of a Si;N, film. The ions affect
the Si surface potential in the sensor area. Input control gate (ICG) and transfer gate
(TG) electrodes are used to control the potential level and the gating. Their gates
were applied —2.5/+2.5 V. The input diode (ID) and floating diffusion (FD) are pn
junctions which supply charge and which detect the charge quantity. The supply
voltages of elements were 0/+5 V. The potential level in the FD is reset as shown in
Fig. 3.1b. In Fig. 3.1c, the charge in sensor area corresponds to the potential level,
which is varied by hydrogen ion concentration (pH), and is maintained under the
sensor area by the ‘fill and spill’ technique [17]. In Fig. 3.1d, the charge is trans-
ferred to the FD by increasing the potential of the TG electrode, and the potential of
FD is also changed. An output signal is obtained from the variation of the FD
potential through a source follower circuit. When the procedures shown in
Fig. 3.1c, d are repeated again, the signal charges in the FD region can double. Use
of the accumulation method for the signal charges is a big advantage for our sensor,
because the accumulation method is capable of signal amplification [17, 18].

The CCD type pH image sensor is able to be operated in charge accumulation
method (signal integration mode). Charges corresponded to pH value is transferred
from a sensing part to the floating diffusion region on several times as mentioned as
explained in Fig. 3.1d, and the signal charges are accumulated in the floating
diffusion region. It is expected that the signal-to-noise ratio (SNR) of the pH value
information increases by accumulating the signal charges. As a pH signal Sy is
accumulated n times, total quantity of the signal S is described as follows;
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Fig. 3.1 Potential images of pH sensing method using the charge-transfer technique. a A
cross-sectional view at the time of hydrogen ion measurement with a reference electrode.
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d Charge-transfer to FD. e Read-out signal level [16, Figure 1]
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S:I’l-S() (3.1)

The total quantity of the noise N is described as follows,

N = N tNZ+ - N2 (3.2)

where Ny, N,, ... N, are noise components on each integration stage. If these
components are same, above equation is simplified.

N =/n-N} (3.3)

where Ng = N; = N, = -+ = N,,. Therefore, total SNR is given by

Sn
N 4/.0

From this equation, SNR increases n’-> times, as the signal is integrated n times.
The 1/f noise component of the source flower circuits is not influenced, because the
input signals of the source flower circuit increases by the integration.

The output signal and its noise power level of a charge-transfer-type pH sensor
are shown in Fig. 3.2, a noise level of an ISFET is superimposed on it. The
sampling rate of the charge-transfer-type pH sensor was varied in 1-5 kHz, which
depended on the accumulation cycle. The output signal is proportional to accu-
mulation cycles and the noise power level increases in proportion to (the gain of the
sensor)'”2. Thus, the noise converted pH, which is fluctuation of pH output signal, is
reducing as shown in Fig. 3.3. In a case of 1 accumulation cycle, noise converted
pH is 0.0052 pH, which is the same level of the ISFET. The noise is reduced by
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increment of accumulation cycles and the noise converted pH of 0.0023 pH is
realized in 5 accumulation cycles [19].

A sensor system including the 128 X 128 sensor pixel array with a 23 pm pixel
pitch was fabricated using CMOS technology. A new scanning system and
high-performance drive buffer circuits were adopted in order to achieve high frame
rates. For miniaturization of the sensor pixels, we developed an advanced new
fabrication process.

3.2.2 Measurement Results

A hydrogen ion image sensor was fabricated by using a 2 pm process including a
‘specialty’ process. Photographs of the sensor chip and sensor pixel are shown in
Fig. 3.4. The sensor area with 128 X 128 pixels was 3 mm X 3 mm square. The
pixel size was 23.55 pum X 23.55 pm and included a hydrogen ion sensing area
with an exposed SizN, sensing membrane.

The sensitivity, including read-out circuit and charge-transfer amplification, was
35.8 mV/pH. The standard deviation of the sensitivity of whole pixel was achieved
of 6.5 %. For the stability assay, the pH output signal of a pixel was continuously
monitored and £3 ¢ pH variation was 0.107 pH. A demonstration of real-time
hydrogen ion imaging using the sensor chip was carried out. Snapshots from a
video showing ion movement and a photo image that was taken simultaneously are
shown in Fig. 3.5. First, a solution at pH 9.18 was introduced onto the surface of
the chip and uniformly covered the sensor area, as shown in Fig. 3.5a. A snapshot
of the dropping of a pH 4.01 solution 10 s after the image in Fig. 3.5a is shown in
Fig. 3.5c. The dropping solution was discharged in the direction diagonal to the
vertical direction. Therefore, the positions of the silhouette in the photo image and
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Fig. 3.4 Chip overview of the new sensor. a Photograph of the sensor chip. b Micrograph of the
sensor pixels [16]

hydrogen ion signal appear in different areas. The images captured 1 second after
Fig. 3.5¢c are shown in Fig. 3.5d. The dropped solution diffused and spread out over
the area of the sensor. The frame rate obtained was 58 frame/s, which is almost
same as conventional Television rate.
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Fig. 3.5 pH and photo images using new sensor chip. a Initial image after dropping a pH 9.01
standard solution. b Moving the tip of pipette on the sensor area (5 s after image a). ¢ Instant
images of dropping a pH 4.01 solution (10 s after image a). d Images of pH 4.01 diffusion (11 s
after image a). e Diffusing the pH 4.01 solution further after removing the pipette (16 s after image
a) [16, Figure 10]
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3.3 Chemical Imaging

Each sensing pixel of CCD pH image sensor measures the activity of hydrogen ion
in the local region, and the sensor displays a global image of pH distribution over
the whole region. The functional component responsible to hydrogen ion is SizNy
which was laid on the surface contacted with the solution. Any different membrane
which responds to a different ion can be piled up onto SizN,4. Various ion-sensitive
membranes have been developed and there are many reports in common
ion-selective electrodes (ISE). Although there is a classification for ISE by the
nomenclature of IUPAC [20], here, a common classification [21] is applied; solid
membrane with fixed ion-exchange site and liquid membrane with mobile
ion-exchange site. Several typical ion-sensitive membrane electrodes are shown in
Fig. 3.6. Type-I of a typical crystalline electrode is a solid-state membrane which is
a crystal of insoluble salts. A fluoride electrode consists of a crystal of lanthanum
fluoride doped with trace amount of europium, which increases the conductivity of
the membrane substance. Since the solid membrane performs as a mixed conductor
of ion and electron, it can be directly contacted with a metal line connected from its
electronics. A well-known Ag™ electrode that is made from Ag,S responds to Ag*,
but also responds to S*". When AgX (X; halide ion) or CuS or CdS is mixed into
Ag,S homogeneously, the mixture membrane electrodes respond also to its additive
ion. For instance, the solid electrode doped with Agl responds to I". Type-II of a
glass electrode is a noncrystalline solid electrode that has rigid charged sites. The
glass electrode has an internal solution and an internal reference electrode. The
chemical composition of the glass determines the selectivity of the membrane,
which responds to hydrogen ion and monovalent cations. Type-III of a liquid
membrane is made of an immiscible organic liquid supported by polymers or
porous materials. The liquid membrane contains a mobile carrier which selectively
binds with analyte ion into the membrane. In particular, a selective ion-transport
compound called neutral ionophore is an excellent ligand to analyte ion. The liquid

Internal reference electrode Internal solution
\ —_—
Solid contact 418 Coated Wire
Solid state
membrane
(Crystal)

Liquid membrane
Glass membrane

I II 11 v (Polymer)

Fig. 3.6 Typical ion-sensitive membrane electrodes; / solid-state membrane electrode, /I glass
membrane electrode, /I liquid membrane electrode with an internal solution, /V liquid membrane
electrode directly coated
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membrane can be used for such a coated wire electrode of type-IV [22]. It is free
from the internal solution, and the liquid membrane directly contacts with a metal
wire.

On the semiconductor ion sensors, it is difficult to have internal solutions, and
directly contacted membranes are favorable. Among the directly contacted mem-
branes, plasticized poly(vinyl chloride) (PVC) is one of the most useful membrane
materials for the semiconductor sensor. The plasticized PVC membrane is prepared
in room temperature. After the sensor chips cut from silicon wafer was bonded in a
package, a heating treatment often destroyed the sensor. The heatless treatment was
favorable to the post processing of the packaging. Moreover, the plasticized PVC
membranes have abundant variety of its applications. In 1994, a 20 X 20 (400
pixels) array-type ISFET sensor with plasticized PVC membranes which allow
chemical imaging of ammonium ions and urea had been reported [23]. However,
the response time of the array image sensor was too slow to perform a real-time
imaging. As far as we know, there were few reports about fast-response array
ISFET ion image sensor with many numbers of pixels, except for the developments
of light-addressable potentiometric sensor (LAPS) [24]. We developed a 1K-pixels
CCD potassium ion image sensor using the plasticized PVC membrane [25]. The
membrane consisted of PVC as a based polymer, di-octylphthalate as a plasticizer,
bis[(benzo-15-crwon-5)-4-methyl] pimelate as a potassium ion ionophore, potas-
sium tetrakis(p-chlorophenyl)borate as an ion-exchanger, and a polyhedral oligo-
meric silsesquioxanes (POSS) as a nano-filler. The choices of the ionophore and the
plasticizer are important, and these materials determine the ion selectivity for
analyte ion. In addition, the semiconductor sensors require adhesion between the
semiconductor and the plasticized PVC membrane. The addition of the one of
POSSs was very useful to improve the adhesion of the membrane on SizNy.
A plasticized PVC membrane tends to absorb water. When the membrane contacted
with water, water got into the surface between Siz;N4 and the membrane. Then, the
membrane floated on the sensor lost the potential response to the analyte ion.
The POSS protected the invasion of water, and its durability was improved. After
the pre-equilibrium process of the membrane with 1 mM of potassium ion solution
for 6 h (conditioning), the potential slope to potassium ion was linear from 1072 to
10~ M logarithmic concentration of potassium ion. The selectivity coefficient of
potassium ion was larger than other alkali metal ions. The selectivity coefficient
indicates the degree of the exchange reaction between the membrane material and
the ion in solution [26].

Using the 1K-pixels CCD potassium ion image sensor, we took the video that
displayed the leakage of KCI from a reference electrode consisting of KCI saturated
Ag/AgCl [26]. After a neutral pH buffer solution without potassium ion was added,
the solution set the reference electrode was monitored. Several images captured
from the video of the potassium ion releasing are shown in Fig. 3.7. The region of
high concentration of potassium ion spread out with time. When a common Vycor
glass was used at its junction, the high concentration reached to some pixels within
10 s. It was surprised that the leakage was faster and larger than expected.
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Fig. 3.7 Real-time images of potassium ion concentration during monitoring of KCl solution
leakage from Ag/AgCl electrode [25, Figure 7]

A 1K-pixels CCD sodium ion image sensor with the plasticized PVC membrane
containing bis [(12-crown-4) methyl)-2-dodecyl-2-methyl malonate] as a sodium
ion ionophore also was developed [25]. The composition of the sodium
ion-selective membrane including the same nano-filler was optimized. The potential
response of the sodium ion image sensor was characterized. The calibration curve
indicated the region of linear response was in the concentration region from 107 to
107" M. The selectivity coefficient of sodium ion was significantly larger than
calcium ion and barium ion. In addition, its time response was evaluated. When a
small amount of a high concentration solution of sodium ion was added to a lower
concentration solution of sodium ion, the CCD sensor displayed a quick increase in
the read-out potential corresponding to the change in concentration of sodium ions.
In contrast, when a small amount of the lower concentration solution was added to
the high concentration solution, the sodium ion concentration decreased momen-
tarily in certain areas, and then rapidly increased. The ability to catch such the
sudden change of signals indicated that the CCD sensor exhibited a quick time
response to changes in sodium ion concentration. Ion-exchange reaction of a single
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Fig. 3.8 Sodium ion concentration images obtained during the ion-exchange reaction of an
Amberlite IR 120 B single resin bead after the addition of a solution containing calcium ions. The
dark areas indicate a high concentration of sodium ions [26, Figure 3]

resin was easily monitored as a video using the 1K-pixels CCD sodium ion image
sensor [27]. Several images captured from a video of Na*—Ca** ion-exchange
reaction are shown in Fig. 3.8. A single bead of Na-type cation exchange resin with
a diameter of about 0.7 mm was placed at the center of the CCD sensor, and the
CCD sensor was filled with 0.01 M NaCl solution. A small amount of 0.1 M of
CaCl, or BaCl, solution was added to the solution containing the bead, the con-
centration of sodium ions increased around the bead. Addition of BaCl, solution
released sodium ions significantly faster than the addition of CaCl, solution. The
different speed of their ion-exchanges indicated a key factor in the flux equation of
Nernst—Plank in the initial ion-exchange period.

3.4 Applications of Biolmaging

There are several roots to do the bioimaging with CCD pH image sensor, as shown
in Fig. 3.9. The key technology is based on the modification of ion-sensitive
membranes and the utilization of enzymes. It can be applied to bioimaging even
without the modification and enzymes. For instance, a 100-pixels CCD pH ion
image sensor had demonstrated that a root of a rice plant released citric acid [28].
The pH around the root was observed to increase with time. The unmodified CCD
pH sensor also can monitor a biological interaction on which a change of the
surface potential is produced. If a certain poly-charged material such as a DNA is
adsorbed onto SizNy, the surface charge on the substrate would be changed.
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Fig. 3.9 Several methods of bioimaging using CCD pH image sensor [33, Figure 5]

As the use of the enzyme, we developed a 1K-pixels CCD acetylcholine
(ACh) image sensor by use of acetylcholine esterase (AChE) [14]. The
enzyme-type image sensor detected a concentration change of hydrogen ion gen-
erated by the ACh-AChE enzyme reaction according to the followings,

ACh+H,0 — choline+ CH;COO™ + H™

A uniform enzyme membrane was prepared on the SizN, using a polyion
complex method. AChE was concentrated and trapped into the polyion complex
between positively charged poly(L-lysine) and negatively charged poly
(4-styrenesulfonate). The working curve of ACh was linear from 1 to 10 mM, and
the slope was 4.2 mV/mM. The detection limit of ACh was 20 uM. Since the
enzyme reaction was fast on the optimum membrane, the real-time imaging of the
concentration change of ACh was achieved.

The other is the utilization of the chemical imaging membranes. We applied
16 K-pixels CCD ion image sensors with plasticized membranes to bioimaging of
tissue. A potassium ion-sensitive image sensor with plasticized PVC membrane
contained valinomycin as the ionophore was applied to bioimaging of brain tissue
of a rat [29]. After a hippocampal slice was cultured for 4 days at 37 °Cina5 %
CO, incubator, the hippocampal slice was placed onto the sensor filled with a
recording medium containing several cell-culture materials. Then, the extracellular
potassium ion concentration ([K*],,) including of the hippocampal slice was
monitored. When the hippocampal slice was just placed onto the sensor, the
changes in [K*],,, were immediately detected underneath the hippocampal slices.
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Fig. 3.10 Time course of
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Moreover, after glutamate was induced, the large changes in [K*],,, was observed
in the only position associated with the gating through potassium ion channels in
hippocampal neurons. Its change in [K*],,, stimulated with glutamate was from 10
to 50 mM as shown in Fig. 3.10.

A 16K pixels ion image sensor also was applied to bioimaging of rat mast cells
stimulated. For the sake we developed a 16K pixels biogenic amine image sensor
[30]. Since biogenic amines are positively charged ammonium ions at neutral pH,
they can be measured by an ion-sensitive electrode with plasticized PVC mem-
brane. An amine sensitive membrane was prepared from plasticized polyvinyl
chloride including a hydrophobic anion which allowed the sensor to detect amines
such as histamine and serotonin. Since the image sensor was free from enzyme, the
selectivity of the ion-sensitive membrane is inferior to an enzyme biosensor.
However, it can circumvent enzyme biosensor drawbacks, which include slow
reaction, poor durability, and enzyme heterogeneities in the membrane. Sequential
snapshots of biogenic amine concentration in a Tyrode’s solution with mast cells
are shown in Fig. 3.11. The picture at each time revealed marked differences after
the addition of a trace amount of Compound 48/80 as a stimulus. Spots indicated
that concentrations of amines increased to a maximum at 4-6 s and then
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Fig. 3.11 Snapshots of chemical imaging using biogenic amine concentration before and after
addition of compound 48/80 solution to sensing well containing rat mast cells [30, Figure 3]

disappeared after about 30 s, with these changes in the spots apparently synchro-
nized. Since mast cells were larger in diameter than the pixel hollows, some pixels
monitored amines released from single cells. The 3D figures display the concen-
tration changes of biogenic amine for 2D array including a pixel under a single cell
and its surrounding pixels, as shown in Fig. 3.12. Thus, the present biogenic amines
image sensor reveals a whole tendency of mast cells by the stimulus addition, and
moreover, it can catch local change of each mast cell.

On the other hand, the membrane directly contacts with living cells and tissues.
Therefore, the properties of the membrane contents affect living cells and tissues.
We examined the influence of use of PVC membranes on culture of cells in order to
use array-type semiconductor calcium ion image sensor [31]. Two plasticized PVC
calcium ion-sensitive membranes were prepared from optimal membrane contents.
These plasticized membranes were evaluated by potential response to calcium ion
concentration and by the leakage amount of plasticizers from the membrane to
aqueous solution by gas c