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FEATURE STORY

Toward development and mass
production of all-solid-state lithium
lon batteries

Lithium ion batteries (LIBs) are widely used as power sources for smartphones and laptop
computers. They are also essential for certain types-of transport such as electric vehicles
(EVs) as well as for emergency power supplies in the event of a disaster.
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geature Story

Toward development and mass production of
all-solid-state lithium lon batteries

Atsunori Matsuda

Lithium ion batteries (LIBs) are widely used as power sources for smartphones and laptop computers. They are also essential for certain types of transport such as
electric vehicles (EVs) as well as for emergency power supplies in the event of a disaster. Unsurprisingly then, there is fierce global competition to develop LIBs with even
higher energy density and better performance. However, there is a major drawback with the current generation of LIBS, in that a flammable organic electrolytic solution is
used for the electrolyte, creating is a risk of leakage and ignition. Due to this, the drive to develop safer materials has become an urgent matter.

Itis in this context that the next-generation LIBs are being developed as all-solid-state batteries using flame-retardant solid-state electrolytes and boasting excellent sta-
bility. As a part of this drive, Professor Atsunori Matsuda has proposed a “liquid-phase shaking method” synthesis process. Since this method allows for solid-state elec-
trolytes to be easily produced in large quantities, it has been widely recognized as a major contribution to the development and mass production of all-solid-state LIBS.
Interview and report by Madoka Tainaka

Expectation for all-solid-state
lithium ion batteries is increas-
ing against the backdrop of the
uptake of EVs
Currently, the rapid uptake of EVs is
driving the urgent need for practical
all-solid-state LIBs that realize both
high energy density and safety. Toyota
stated that it will replace all its models
with hybrid cars or EVs by the end of
2025, and it is expected that the shift
to EVs will advance rapidly all over the
world in the future.

In light of these circumstances, in June
2018, the New Energy and Industrial
Technology Development Organiza-
tion (NEDO) launched a research and
development project on the early
realization of all-solid-state LIBs. In
addition to solving issues for the com-
mercialization of all-solid-state LIBs,
topics such as development of mass-
production processes and evaluation
of suitability for onboard batteries, etc.
will be tackled.

The project is being carried out by 23
major companies in Japan such as au-
tomobile, battery, and material manu-
facturers, 15 universities and public

TUT Research No. 15 Nov. 2018

research institutes including Toyohashi
University of Technology (TUT), and
will be based at the Consortium for
Lithium lon Battery Technology and
Evaluation Center (LIBTEC). Itis an “All
Japan” initiative that will strengthen
links between industries.

Professor Matsuda of TUT, who is
involved in the development of solid-
state electrolytes - the key material for
batteries - explains the advantages of
all-solid-state LIBs.
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Fig.1 Conceptual structure of all-solid-state Lithium lon
battery

“It is not easy to move ions with large
mass in solids. However, if the elec-
trolyte that is sandwiched between
the positive and negative electrodes
can be made into a solid, the thermal
and chemical stability increases, and
safety is dramatically improved since
the battery becomes more difficult to

burn. Moreover, sulfide-type solid-state
electrolytes, which use lithium sulfide
(Li2S) as the main component, demon-
strate high conductivity comparable to
that of an organic electrolyte and are
capable of a lithium ion transference
ratio of 100%. In other words, because
we can carry only the ions that we
want, we can make a big contribution
to improving the energy density.”

“All Japan” initiative for early
practical application
This NEDO project is the successor
to the ALCA-Specially Promoted
Research for Innovative Next Genera-
tion Batteries (ALCA-SPRING) project,
which was implemented by the Japan
Science and Technology Agency
(JST) under the Ministry of Education,
Culture, Sports, Science and Technol-
ogy, and ran from 2013 to 2017. Under
ALCA-SPRING, all activities were
focused on the goal of developing next
generation batteries. These ranged
from battery design and material
development for positive and negative
electrodes and electrolytes, to evalua-
tion and analysis. The new project has
been transferred to NEDO under the
auspices of the Ministry of Economy,
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Trade and Industry. This exceptional
initiative is being framed as a second
phase project on all-solid-state LIBs,
with the goal of putting the research to
practical use.

While Toyota was the only company
that participated in the first phase,
several major Japanese manufactur-
ers have come together for the second
phase, demonstrating the enthusiasm
for betting on this research as an “All
Japan” national effort.

“Japanese manufacturers used to hold
more than 90% of the global LIB mar-
ket share, but this figure has currently
dropped to one third. The collective
will to avoid the same thing happening
with all-solid-state LIBs explains the
strong backing for the research. That's
why, for this project, we are not only
pursuing technology and manufactur-
ing processes, but also working on
battery testing and evaluation methods
so that Japanese methods will become
international standards.”

“Liquid-phase shaking meth-
od” opens the way to practical
use and mass production
One of the most significant challenges
to the practical application and upsiz-
ing of all-solid-state LIBs is production
of solid electrolytes at large scale and
low cost.

Responding to this challenge, Profes-
sor Matsuda succeeded in preparing
lithium thiophosphate (LPS) by mixing
the starting material in ester organic
solvent using the liquid-phase shaking
method, performing centrifugation,
and then reducing the pressure and
drying. Previously, it was necessary
to synthesize solid electrolytes by stir-
ring a powder for a long time using a
planetary ball mill.

“With this method, it becomes pos-
sible to synthesize sulfide-based solid
electrolytes in a short time and with
less energy. In addition, the particles
of the obtained solid electrolyte are
extremely small “nano size” (about 50
to 100 nm), whereas those produced
with a conventional planetary ball mill
are about 5 pm. By sandwiching this
electrolyte between the positive and
negative electrode active materials
and press molding to form a compact,
it mixes moderately with the active ma-
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terials of both electrodes and a good
interface is obtained,” says Professor
Matsuda.

Liquid-Shaking Method

Suspension electrolyte nanoparticles

Fig.2 Liquid-shaking method

To synthesize LPS using the conven-
tional milling method, it is necessary
to continue mixing with high energy for
a long time. It is also difficult to syn-
thesize in large quantities at once. But
with the liquid-phase shaking method,
LPS can be prepared in a suspended
state, so it can be cheaply produced
in large quantities in existing chemical
plants in the future.

As many countries struggle to develop
sulfide-based all-solid-state LIBs, the
particular reason why Professor Matsu-
da’s manufacturing process is drawing
attention is said to be its low total cost
and high efficiency.

Professor Matsuda summarized his
outlook on the challenges ahead as
follows, “Of course, many countries
are seeking mass production using
the liquid-phase method, but as an
academic, | want to challenge myself
to do everything | can. By pursuing
this principle, | hope to contribute to
making better quality electrolytes and
safe, high-performance all-solid-state
batteries.”

Perfecting the liquid-phase

method for future batteries
According to the market research
company Fuji Keizai, mass production
of all-solid-state batteries for EVs will
begin in the 2020s, and by 2035 the
world market will grow to 2,787.7 billion
yen. Within this market, the market for
sulfide-based all-solid-state batteries
will account for the majority at 2,120
billion yen. This analysis backs up the
government’s decision to support this
project on a national basis.

Meanwhile, Professor Matsuda is
looking even further into the future of
batteries.

“Metal-air batteries are one of the pos-
sibilities to come after LIBs. Compared
with sulfide, they can be made of more

Feature Stor)

stable materials, but at present they are
difficult to manufacture, and we cannot
yet see a path to their widespread
use. However, it would be easy to
manufacture an electrolyte that makes
and moves OH- (hydroxide ions) from
air if the liquid-phase method is used.
In fuel cells, protons (H+) need to be
moved, and the liquid-phase method
also holds the key to this. | expect that
| will be able to utilize my experience
as a specialist in materials who has
developed functional materials using
liquid-phase in various ways from now on.”

If the performance of batteries im-
proves, it will not only help to make
EVs widespread but will also enable
distributed power generation and stor-
age, which will contribute to solving
the global energy problem. We are
looking forward to the further progress
of Professor Matsuda’s future research.

[Reporter’s Note]

Professor Matsuda says that he is proud of
his 6th Dan level in kendo. When he was
in elementary school, he watched the TV
drama “Ore Wa Otoko Da!” (I am a man!) and
admired Kensaku Morita who portrayed the
captain of a kendo club, and so he started
kendo as a club activity from junior high
school. After that, he belonged to his high
school and university kendo clubs, and after
getting a job he was involved in the Tsukuba
University friends of kendo association and
the kendo club alumni group at Osaka Pre-
fecture University, his alma mater. Currently,
he serves as an advisor to the Toyohashi
University of Technology kendo club. He also
taught kendo to his three children.

“Something you cultivate for over 40 years
will not decline easily. | think it is meaningful
to persevere at something. Currently, | am
challenging myself to reach 7th Dan,” says
Professor Matsuda enthusiastically.

Professor Matsuda also began synthesis of
functional materials using the liquid-phase
method as his graduation research when he
was an undergraduate. He has worked on
various themes, but by tackling problems
based on liquid-phase, it has led to signifi-
cant research results. This is truly “the power
of perseverance.” Please do your best to
reach 7th Dan!

Fig.3 Prof. Matsuda (left) performed Nihon Kendo Kata
with his research colleague at an international con-
ference dinner excursion.
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Researcher Profile
Dr. Atsunori Matsuda

Dr. Atsunori Matsuda studied until master' s course at Osaka Prefecture University, Japan.
After graduate from the university, started his career at Nippon Sheet Glass Company Ltd.,
and received his PhD. degree in 1992 from Osaka Prefecture University. Then, he was
engaged in a research as a lecturer at Osaka Prefecture University from 1997 to 2000.
Currently, he is a professor in the Department of Electrical & and Electronic Information and
a vice president at Toyohashi University of Technology. His research interests are Inorganic
Materials Science, Sol-Gel Method, and All-solid-state battery.

Reporter Profile

Madoka Tainaka is a freelance editor,
writer and interpreter. She graduated
in Law from Chuo University, Japan.
She served as a chief editor of “Nature
Interface” magazine, a committee for the
promotion of Information and Science
Technology at MEXT (Ministry of Educa-
tion, Culture, Sports, Science and Technology).
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Research Highlightg

Challenges for the development of oxide-based
all-solid-state batteries

Thick-film cathode solidified on garnet-type oxide solid electrolyte at room temperature

By Ryoji Inada

A research group led by Associate Professor Ryoji In-
ada have successfully fabricated a lithium trivanadate
(LVO) cathode thick film on a garnet-type oxide solid
electrolyte using the aerosol deposition method. The
LVO cathode thick-film fabricated on the solid elec-
trolyte performed well, achieving a capacity of up to
300 mAh/g for both reversible charge and discharge,
as well as a good cycling stability at 100°C. This find-
ing may contribute to the realization of highly safe and
chemically stable oxide-based all-solid-state lithium

batteries.

Rechargeable lithium-ion batteries (LiBs) have been
widely utilized globally as a power source for mobile
electronic devices such as smart phones, tablets,
and laptop computers because of their high-energy
density and good cycling performance. Recently,
the development of middle- and large-scale LiBs has
been accelerated for use in automotive propulsion
and stationary load-leveling for intermittent power
generation from solar or wind energy. However, a
larger battery size causes more serious safety issues
in LIBs; one of the main reasons is the increased
amount of flammable organic liquid electrolytes.
The research results were reported in Materials on
September 1st, 2018.
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Fig.1 SEM image of a fractured cross-sectional surface
of the LVO electrode fabricated on LLZTO garnet
by AD. Corresponding elementary mapping for V,
La, and Zr is also shown.

All-solid-state  LiBs with nonflammable  inorganic
Li-ion (Li+) conductors as solid electrolytes (SE) are
expected to be the next generation of energy storage
devices because of their high energy density, safety,
and reliability. The SE materials must have not only
high lithium-ion conductivity at room temperature,
but also deformability and chemical stability. Oxide-
based SE materials have a relatively low conductivity
and poor deformability compared to sulfide-based
ones; however, they have other advantages such as
chemical stability and ease of handling.

The gamet-type fast Li+ conducting oxide, Li7-
xLa3Zr2-xTaxO12 (x = 0.4-0.5, LLZTO), is considered
as a good candidate for SE because of its good ionic
conductiivity and high electrochemical stability. How-
ever, high-temperature sintering at 1000-1200T is
generally needed for densification, and this tempera-
ture is too high to suppress undesired side effects
at the interface between the SE and the majority of
electrode materials. Therefore, there are currently few
options when it comes to electrode materials that can
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Fig.2 Comparison  of

Associate Prof. Ryoji Inada (left) and his student, Shunsuke Kito

be used for solid-state batteries with garnet-type SEs
developed by the co-sintering process.

Ryoji Inada and his colleagues at the Department
of Electrical and Electronic Information Engineering,
Toyohashi  University of Technology, succeeded
in fabricating a lithium trivanadate (LiV308, LVO)
thick-film cathode on garnet-type LLZTO by means
of the aerosol deposition (AD) method. All-solid-state
cell samples were prepared and tested using the
fabricated composite.

The AD method is known to be a room-temperature
film-fabrication process, which uses the impact-con-
solidation of ceramic particles onto a substrate. By
controlling the particle size and morphology, dense
ceramic thick films can be fabricated on various
substrates without thermal treatment. This feature is
attractive in the fabrication of oxide-based solid-state
batteries because various electrode active materials
can be selected and formed on SE without the need
for thermal treatment.

LVO has been studied at length as a cathode material
for Li-based batteries because of its large Li+ storage
capacity of approximately 300mAh/g. However, the
feasibility of LVO as a cathode for solid-state bat-
teries has not yet been investigated. The reaction of
LVO initiates at the discharging (i.e., Li+ insertion)
process, which differs from that of other conventional
cathode materials of LiBs such as LiCoO2, LiMn204,
and LiFePO4. Therefore, graphite anodes, which are
widely used in current LiBs, are difficult to use in bat-
teries with LVO cathodes. In solid-state batteries with
gamet-type SEs, Li metal electrodes may potentially
be used as anodes; thus, LVO would become an at-
tractive candidate for high-capacity cathodes.

To fabricate a dense LVO fim on an LLZTO pellet,
the size of the LVO particles was controlled by
ball-milling. As a result, an LVO thick fim with a
thickness of 5-6 m was successfully fabricated on
LLZTO at room temperature. The relative density of
the LVO thick fim was approximately 85%. For the

4.5 LVOILLZTOLL all-solid-state cell

the galvanostatic
charge and dis-
charge curves for g
the LVO/LLZTO/LI
solid-state cell at
50 and 100C. The
measurements  at

50°C, 0.004 mA cm®  100°C, 0.012 mA cm”

5 cycles 5 cycles

electrochemical characterization of the LVO thick
film as a cathode, Li metal foil was attached on the
opposite end face of the LLZTO pellet as an anode
to form an LVO/LLZTO/LI structured solid-state cell.
The galvanostatic charge (Li+ extraction from LVO)
and discharge (Li+ insertion into LVO) properties in
an LVO/LLZTO/Li all-solid-state cell were measured
at 50 and 100C.

Although the polarization was considerably high
at 50C, a reversible capacity of approximately 100
mAh/g was confirmed. With an increase in tem-
perature to 100C, the polarization reduced and the
capacity increased significantly to 300 mAh/g at an
averaged cell voltage of approximately 2.5 V; this is a
typical behavior of an LVO electrode observed in an
organic liquid electrolyte. In addition, we confirm that
the charge and discharge reactions in the solid-state
cell are stably cycled at various current densities. This
can be attributed to the strong adhesion between the
LVO film fabricated via impact consolidation and the
LLZTO and LVO particles in the film.

LVO/LLZTO/Li all-solid state cell at 100°C

These results %]
indicate that ~ 2%°]gqa0a

1° gaae
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. g arge Discharge aa
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oxide-based  ® sf © o il

. o
So‘ld'Sta.te I R R R
battery with Cycle number / -
high  safety Fig.3 Cycling performance for the LVO/LL-
and chemical ZTOL solid-state cell at 100C and
stability even different current densities from 0.015

» OVl t0 0.240 mA/arf,

though additional

investigation is needed to enhance the performance.
Researchers have carried out further studies to
realize oxide-based solid-state batteries at lower
operating temperatures.

This work was partly supported by Grant-in-Aids for
Scientific Research (C) (Grant No. 16K06218) and
Fund for the Promation of Joint International Research
(Fostering Joint International Research) (Grant No.
16KK0127) from the Japan Society for the Promotion
of Science (JSPS).

Reference
Ryoiji Inada, Kohei Okuno, Shunsuke Kito, Tomohiro Tojo
and Yoji Sakurai (2018). Properties of Lithium Trivanadate

Zihrgggg‘géﬂﬁ 05 Film Electrode Formed on Garnet-type Oxide Solid Elec-
five cycles. T e ez aho aso  lrolyte by Aerosol Deposition, Materials 11(9), 1570, 2018.

https://doi.org/10.3390/ma11091570
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Research Highlights

Can we have afire in a highly-vacuumed environment?

Towards better fire safety strategies for manned space missions

By Yuji Nakamura

Yuji Nakamura and his research team at Toyohashi Uni-
versity of Technology have discovered that non-flaming
combustion (smoldering) of a porous specimen can
sustain itself, even at around less than 1 % of atmo-
spheric pressure. The thermal structure of a 2-mm-
diameter smoldering specimen, at a condition close
to extinction, was successfully measured using an
embedded ultra-fine thermocouple, clarifying the key
issues that lead to fire extinction at low pressures. The
outcome of this research will contribute to improved
space exploration fire safety strategies.

Non-flaming combustion (i.e., smoldering) is an ex-
tremely slow burning process that emits toxic gas and
white smoke during the burning event. This corresponds
to the pre-flaming stage of burning a porous specimen,
during which the blackened part grows, continuing
the slow exothermic process. It eventually generates a
flame that quickly accelerates the fire damage. Flaming
combustion can be suppressed by reducing the pres-
sure to nearly 1/3 of standard pressure (~30 kPa). Nev-
ertheless, non-flaming combustion can sustain even at
1/100 of standard pressure (~1 kPa) if the ambient gas
is fully-oxygenated. Extension of the critical pressure
has been pointed out as an experimental fact; however,
the actual reason is not known because it is extremely
difficult to investigate the thermo-chemical status of
near-critical conditions. Because the combustion inten-
sity is very weak, sensor insertion may affect the status,
resulting in failure to capture the actual physics.
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Fig.1 Smoldering limit observed in low pressure. Effects on
smoldering speed (propagation velocity) and extinction
relative to the pressure at various adopted O2 conditions.

A research group led by Professor Yuji Nakamura, from
the Department of Mechanical Engineering at Toyohashi
University of Technology, took on the challenge of
measuring the temperature distribution of a smoldering
thin rod in a pressure-controlled chamber at near-critical
conditions. To make this possible, special care was
taken to adjust the sensor while avoiding the potential
failure described above. A tiny hole of 0.2-mm diam-
eter was drilled through the fragile specimen. Then, a
50-micron R-type thermocouple was embedded into the
hole. By achieving steady-state burning, even near the
critical condition under a well-controlled experimental
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environment, a repeatable 1-D temperature profile was
obtained along the axis.

e BumING
Ni-Ch wire

...: ----- Thermocouple
Incense stick |
I Scale
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Actual image

Test section

Detailed view

Fig.2 Temperature measurement device: fine thermocouple
installed in 0.2-mm diameter hole in the specimen

The first author, Takuya Yamazaki, a PhD candidate,
said, “The idea of driling a miniscule hole into a small
(2-mm) and fragile specimen such as the one we used,
and then manually inserting a tiny thermocouple had
never previously been considered. No doubt this was
due to the high level of difficulty of such a procedure,
which requires considerable patience and effort. Indeed
| must admit that it was really exhausting to complete
this task. Nevertheless, ultimately this process provided
us sufficient insights into the near-critical condition
thermal status to thoroughly understand the extinction
mechanism. For instance, combustion heat is first
transferred along the axis by radiation. After that, part
of the transferred heat is lost to the ambient environment
via natural convection when the total pressure is in
the order of tens of kilo-pascals. Because the convec-
tive heat loss tends to be suppressed when the total
pressure decreases, the heat transferred by radiation
could remain in the specimen and so avoid extinction.
Our success in being the first to demonstrate this fact
by such a procedure is the fruit of our willingness to
take on the ‘super’ challenge of measuring the precise
temperature distribution of a smoldering specimen at
near extinction.”

“The present results will make a contribution to fire
safety basically thanks to Takuya's personal devotion.
This outcome suggests that the vacuumed operation to
extinguish fire in space may fail unless the proper condi-
tion is achieved. Otherwise, smoldering may survive,
causing a fire which may result in secondary damage to

the cabin. This work is just the first step in constructing a
tentative fire safety (regulation) strategy for outer space
habitats in this age of privatized space development”,
explains Professor Yuji Nakamura.

Heat balance equation at preheat
zone” (in non-dimensionalized form)
(" preheat zone = T< 300 C)
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Fig.3 Heat balance analysis in the preheat zone. Thermal
status during smoldering under low pressure: radiation heat
transfer becomes significant, whereas convective cooling
(i.e., heat loss) to ambient is negligible in the preheat zone.

We use the term “smoldering” frequently, but, in reality,
no one knows how a specimen bums to generate heat
locally. It has been considered that surface oxidation is
the source of heat generation, and that gas-phase reac-
tion is not required to be considered. However, based
on recent numerical predictions by a Chinese research
team (a member of an international collaboration team
led by Prof. Nakamura), it was found that a gas-phase
gentle heat generation can support or promote surface
oxidation. To further the cause of understanding
smoldering at low pressures, another international col-
laboration team in the United States, also led by Prof.
Nakamura, will assume the challenge of experimen-
tally identifying the reactivity in the gas-phase. This is
a crucial step, because up to now scant attention has
been paid to the reaction status of the micro-pores of a
buming specimen.

Funding agency: JSPS program “Overseas Challenge
Program for Young Researchers’

Reference

Yamazaki, T., Matsuoka, T., and Nakamura, Y., “Near-extinction
Behavior of Smoldering Combustion under Highly-vacuumed
Environment”, Proc. Combust. Inst., Vol.37, in print.
https://doi.org/10.1016/}.proci.2018.06.200

https://www.tut.ac.jp/english/newsletter/



Research Highlight§

New Ultrasonic Wave Phenomenon leads to Improved

Safety for Society

Nondestructive testing for earlier assessment of damage to structures

By Yosuke Ishii

A research group led by Assistant Professor Yosuke
Ishii at Toyohashi University of Technology has unrav-
eled the phenomenon of a new “third ultrasonic wave”
being generated when two ultrasonic waves intersect
within a plate. This wave exhibits varying intensity in
response to material damage and can therefore be
used for nondestructively testing thin plate structures.
This new technology surpasses conventional technol-
ogy, enabling precise and nondestructive detection of

fatigue and early damage.

Humans are unable to see the inside
of an object with the naked eye un-
less that object is transparent. Using
ultrasonic waves, however, can afford
us that ability. Ultrasonic waves reflect
any defects present within a material.
Therefore, measuring these waves
reflected from defects can tell us if a
material is damaged in any way. In
other words, we can “examine” ma-
terials without having to break them
open. This is the principle behind
nondestructive testing using ultra-
sonic waves. We need nondestructive
testing to improve our safety in various
situations, so methods for increasing
testing accuracy are currently being
studied around the world.

Currently, testing the state of a mate-
rial that is not damaged but has some
wear is a particularly hot topic of
research in the field of nondestructive
testing. In particular the current focus
is on testing for fatigue. Like humans,
materials also become fatigued. Even
a small amount of load is enough to
cause material fatigue when repeat-
edly applied. Fatigue creates minute
amounts of damage in a material,
which then become bigger and even-
tually cause the material to break.
Thin plate materials are widely used in
large-scale structures such as power
plants built during Japan’s period of
high economic growth after World
War 1l. Now that these structures are
aging, it is imperative to use nonde-
structive methods to test their degree
of fatigue. With current technology, we
are unable to detect damage unless
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a large amount of damage (damage
that can reflect ultrasonic waves)
has already occurred in materials.
Because of this, it is of paramount
importance to establish a technology
that can accurately evaluate material
fatigue in its early stages, in fact, the
earlier the better.

With this in mind, the research group
turned its attention to “three-wave
interaction.” This is a phenomenon
whereby two intersecting ultrasonic
waves produce a third small ultra-
sonic wave within a plate. Through
conducting numerical simulations and
theoretical calculations, the research
group succeeded in uncovering the
mechanism behind how this third
ultrasonic wave is generated by a
three-wave interaction. The third ultra-
sonic wave contains a large amount
of information of the properties of a
material, potentially making it possible
to accurately test the early stages
of material fatigue (before a large
amount of damage occurs).

The research team aims to experi-
mentally verify this new technology to
create a new nondestructive testing
method for thin plate materials which
employs  three-wave interaction.
Establishing such a technology will
make it possible to accurately evalu-
ate material damage far beyond the
range of existing technology. This new
technology is expected to improve
the safety and reliability of socially
important structures such as power
generation plants and airplanes, and
ultimately, to contribute to the safety of

ime = 34.9 [pus]

Yosuke Isii (top left corner) with his lab member

all of us.

This work was supported by JSPS
KAKENHI Grant No. JP17K14557.
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Mov1. Nonlinear three-wave interaction in plate.
Two ultrasonic waves intersecting in a plate
(left). Third ultrasonic wave extracted by fil-
tering (right).
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Assembly of fluctuating molecules in artificial cell

membranes

Domains of hydrophilic-polymer-modified lipids in lipid bilayer membranes

By Ryugo Tero

Ryugo Tero at Toyohashi University of Technology has,
in cooperation with Kanazawa University, discovered
the aggregates of a hydrophilic-polymer-modified lipid
in a lipid bilayer membrane. An unexpected phenome-
non whereby the aggregated bulky polymer appeared
lower in the atomic force microscope topography was
discovered, and the related causes were revealed.
These findings will lead to further understanding of the
function of glycolipids and membrane proteins.

Lipids and membrane proteins existing in cell membranes,
which form the outermost layer of cells, are responsible for
recognizing extracellular environments and transferring that
information insidle the cell. Due to their deep relation to bacte-
rial and viral infection, immunological response and neural
fransmission, they are important research topics in the fields
of biology, medicine and drug development. In the reaction
process of both external recognition and signal transfer, the
formation of two-dimensional aggregates of lipids with bulky
hydrophilic groups, such as sugar chains or inositol rings, are
considered necessary in cell membranes. Small aggregates
of up to 10 molecules are called clusters, while aggregates
with more molecules and further growth are called domains.

Lipids are amphiphiic molecules derived from organisms,
and have both hydrophilic and hydrophobic properties within
their molecules. Many past studies have shown that interac-
tions with the hydrophobic part, such as the phase transition
and miscibility of hydrocarbon chains, play an important role
in domain formation in fipid bilayer membranes. On the other
hand, interactions with the hydrophilic part of lipids have not
yet been widely researched, with many factors still remaining
unclear. Interactions become complicated because of repul
sion accurring through the fluctuation of hydrophilic properties
inthe water, particularly at bulky hydrophilic parts like sugar
chains. The repulsion caused by such fluctuation also affects
measurements via atomic force microscopy (AFM) that can
detect even the tiniest amount of force.

A: Fluorescence B: AM-AFM
F

_ C:FM-AFM

Fig.1 Lipid bilayer domains rich in polyethylene glycol (PEG)-
modified lipid.
(A) Fluorescence image, (B) amplitude modulation (AM)
AFM topography, and (C) frequency modulation (FM) AFM
topography.

A research team helmed by Ryugo Tero, Associate
Professor in Toyohashi University of Technology, has used
fluorescence microscopy and AFM to examine in detail
artificial lipid bilayer membranes containing lipids modi-
fied by the hydrophilic polymer, polyethylene glycal (PEG)
(Fig.1). The results revealed that two types of aggregates,
clusters and domains, form depending on the concentration
of PEG-modified lipids, and that the there is almost no fluidity
inthe domains that appear due to high concentration. These
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aggregates are formed through the interaction not with lipidis’
hydrophobic part, but rather with their hydrophilic part.
Interestingly, when observed with AFM, the PEG-modified
lipid domains that should have been bulky, were observed
atalower level than the surroundings (Fig. 1B).

Associate Professor Tero implemented a joint experiment
with Professor Takeshi Fukuma in Kanazawa University to
determine the reasons for this. By utiizing frequency modu-
lation AFM (FM-AFM), and accurately controlling the force
between the sample and the probe, they were able to
observe the PEG-modified lipid domain at a higher level
than the lipid membrane area, without the application of any
amount of force (Fig. 1C). Since repulsions will change due to
the fluctuation of hydrophilic polymer chains dependent on
the force applied, it has been found that a reverse image of
the true three-dimensional structure can always be observed
during an amplitude modulation AFM (AM-AFM) observation

(Fig2).

“In order to establish an experimental method for examining
glycalipids aggregate state and function, we utilized PEG-
modified lipids that are easy to obtain at the very beginning.
We struggled to find the most suitable conditions for sample
preparation and AFM observation of the lipid bilayer mem-
brane containing PEG-modified lipids. The results differed
greatly in comparison to expectations, especially due to the
fact that the recessed areas grew relative to the increase
i concentration of PEG-modified lipids. Thinking there
might have been a mistake, we repeated the experiment
and confirmed its reproducibility. Intutively, it may seem
unlikely that the region with bulky molecules appears lower
with AFM, but when the assembled state of the polymer and
the basic principles of AFM are considered, this is actually
very reasonable.

“The Eureka moment for our joint experimental group with
Kanazawa University came when we observed how the
concave-convex properties of the surface reversed after
switching to FM-AFM" explains the main author, Yasuhiro
Kakimoto. Mr. Kakimoto is currently enrolled in a doctoral
course at Toyohashi University of Technlogy, as a part of
the Program for Leading Graduate Schools organized by
the Ministry of Education, Culture, Sports, Science and
Technology.

The research team leader, Associate Professor Ryugo Tero
said "In order to understand the functions of biomolecules at
amolecular level, itis vital to comprehend the appearance of

akimoto (left) and research team leader Assoc. Prof. Ryugo Tero (right).

soft molecules, such as lipids and proteins, which fluctuate
in water. In fact, some evidence from experimental areas
containing many glycolipids being observed at a lower level
with AM-AFM has been obtained over roughly the past 10
years in several systems. Although repulsion due to fluctua-
tion of hydrophilic parts was only a hypothesis, this study has
confirmed its validity. The crucial breakthroughs in this study
were achieved thanks to Professor Fukuma'’s state-of-the-art
FM-AFM instrument (Fig.2), which made a key contribution
to this joint research accomplishing magnificent results.”

A B

opN

200pN
0pN

Fig.2 Force-dependent topography of the PEG-lipid-rich domain.

The principle of domain formation due to interactions with
hydrophilic polymer chains identified as a result of this
research has been found to share commonalities with
glycolipids in the cell membrane. Our research team s of the
opinion that this principle will assist with the understanding
of the mechanism of cell recognition and signal transfers re-
lated with the aggregate state of glycolipids and membrane
proteins. Furthermore, the findings from the experiments, in
which bulky objects can appear sunken-in depending on
the conditions, will be valuable for the many researchers
analyzing biological molecules underwater through atomic
force microscapy. In addition, PEGs have the effect of sup-
pressing nonspecific adsorptions such as proteins, ec.,
and can also be utilized in bio-interfaces and drug delivery.
The formation and force response of PEG-rich clusters and
domains are expected to have a pervasive effect also in
these fields.

This work was supported by the Japan Society for the Pro-
motion of Science KAKENHI Grant Numbers JP15H03768
and JP15H00893; CREST, Japan Science and Technology
Agency (JST) Grant Number JPMJCR14F3; A-STEP, JST.
The first author Yasuhiro Kakimoto also received a grant as
part of the Program for Leading Graduate Schools run by the
Japan Society for the Promotion of Science.
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RUTHKB LD EBKN LD ZH X906
BZERATDRAA HZEEICES N TERK SR
TOMEMER. G AR K REHDOBERZDRMIE
(miscibility) W' EBLREZRITIENEBED
ZLOMAICKIRSNTEZ Lo~ BEEDH
KEBBRIDBEERBICDNTIIHRN D &< RBF
BRAZNTIEICHERELZEDN SHUVFRIKIEE
ITIZRKENKPTESSZETELDRNON
ELDO MEERIEMICEUI T IDESE
ICEDRAIERFEDEMIE (AFM) DX SITH
HMENZREITHEAFECEREZRIZILET,

SETMBZRZOFERDEBEDIIL—TII.
BKMESHFORITFLT)I—-IL(PEG)T
BELIcEEZECATEE_ERZ BHHEMY
REKLVUAFMZR NTEHMICHANI L. ZDHE
R.PEGEMEEDREICKEFLTCISRY—ER
A D2BBDEERNEREINDIE FRE
THRNDRAAVICIBFEAEREMNE N &
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BSMCLE L. NS DESEKITAEEDEK
MEMUTIZ R <HKMEBUDOBEFERTERIN
TWBIZEZERLELIBIKRNZ EICAFME
BICBNT D EBNITDOPEGEMAEE RA 1>
ISAEIWEMATRES NI L. CDEHICD
WO FZHEBRIIFRAZOE[AZIREABFE
BT U7 BIRMZREAFM (FM-AFM) ZF3
WEBERSHOBONZRBEICHIEHTD LTI
EAENZEME T ICHRE T NISPEGIEATEEE KX
AU HBEDEBEEREL) EE<BEIND L
ZHOSMCLELEE () EIMEnDAICikEL
THKESDFHOESESICLDRANELRTD
fe b — A IS IRIBZ B EAFM (AM-AFM) BRZED
RHETIEDIBBEE IRELENENDT
ENREh&ELEE(R2),

MEREEDEGREERELRANDICODREF
BT DIeDIC FTIIAFNEBLPECEE
BEEZRWE LI PECEMEE 2= CEE_EE
3 EHBRCAFMBEEDRELFRHZR DD
DICEFLE LI AFICPEGIEEBEEDRE ZE®
TIEEMALBERNMEZDDIFFREIFTEGEDT
WEU T @A DBEENTIIE WA E B REZE
DRLCEREZENIDILERNICIE NES
WAFHZVEAANAFMTELRADEIEZD
NEEBAN B FORELAFMOREICDINTE
{EZDERIIFERBICEICHBOTNDDTY &
RARZETOHERRT. FM-AFMICYIWIBE X TRE
DM REEL/BFICIFETHEREL T PoEW
ZORIEMATNE L | EEBEEETHDEL
BEIRROMARE (XEHZABLREHE ) —
TAVITOATSLBEE) IFRBLET,

MAF—LD)—5—ThDFERERBEHRII. (B
BRI UINTBDEDITPH DN FAKRT
BEOCEZRZADDII ERDFOHEZD FLN
IV CERITDIHICEELIETI. RIS MEEEZ
ZLETHEINAM-AFMTEBERZENDEVDR
BERISK10FFD S NOADRTEONTHY
FUTcBRKMEBUDESEICLDRNDERLS
SEHBMLTNWELIEA COMRTEMNITONE
UTeoa REM D7z DIF I BB IR DR IR D
FM-AFMERBEZR\#ER (R2) THU . RIBESL
WHEMRERRIEEBOTNEIIEELTNET,

FRARRICEOTHEONILHAESD FHDOM
BEERICE D RAA V2R DRI HlBRE R DE
BEELEICOEHBIDLDTH EEEPES
INOBDOEEBFERNEHLSMRERHE CESmE
DHAEAEBRTDDICHRIDERRIIN—TIF
ZATVETESIL D EBNEITOMHREICK
DTMATRZS 3. ENORBREDHRITRFE
NBEMBECTKRDERD FZHELTDZLD
MAEICEDTHRTI &/ PECIIY /N TER
EDFFERMRBEZNFI T DAL B /AT A
VE=TI—RPRSYIFINI-ICERIS N
TWEIPEG-richB ISR —ELURAL D
ERENSHRIINSDABFICEHRRMRENHD
CHAfFENE T,

FMRIS. BEAZMKEESZ (JSPS)MHAE
JP15H03768.JP15H00893. ME K ik Bt 15
(JST) CREST (PMIJCR14F3).JST A-STEPA
SDOZEEZITTIHONE LI Ko EBEEE D
RIXHHZEE  BAZMRAEZORB I HELR
BB ) -T2 77O LDXREERITE LI
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Pick Ul

Pick Up

ll TUT Global House is a hub for multicultural events enjoyed by Japanese and

international students alike
2018 Key activities hosted by the TUT Global

The TUT Global House is an on campus shared-house style student ~House students

accommodation facility, where international and Japanese students  BBQ Party: Students in TUT Global House get to know each other better
live together. By living and learning in such a multicultural environ-  (September 21)
ment, students can nurture some of the essential skills required by
today’s globalized society.

Over the past eighteen months, the students who live in Global House
have hosted a wide range of multicultural activities. It represents a
successful first step on the road towards realizing the vision of TUT
as a multicultural global campus.

Reference

¢ One milestone toward TUT Multicultural Global Campus,
TUT Research No.9,May,2017

e News from TUT Multicultural Boarding House
http://www.sgu.tut.ac.jp/eng/student-life/

TUT EXPO 2018, organized and run in partnership with an executive
committee formed by the Global House students (July 6)

7

A series of “International Understanding Forums” looking at various themes,
beginning with “Discover Japan, from the inside and the outside” (June 13)

Welcome Party: TUT Global House starts 2018 in a great spirit of
friendship! (April 7)

“TOYOHASHI VEGE-night” : Social gathering with one of Japan’s leading
agricultural companies in Toyohashi (February 16)
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H Toyohashi University of Technology

The Toyohashi University of Technology (TUT) is one of
Japan’s most innovative and dynamic science and technol-
ogy based academic institutes. TUT Research is published
to update readers on research at the university.

1-1 Hibarigaoka, Tempaku, Toyohashi, Aichi, 441-8580,
JAPAN
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