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Plant growth

Receptor role in
protection unmasked

How a plant hormone receptor helps a vital process necessary for maintaining healthy plant
growth is finally understood

ormones play a crucial role in regu- Toshio Hakoshima and NAIST co-work- Following the initial binding, GA acti-
H lating the growth and development  ers conducted a series of crystallographic and ~ vates GID1A, triggering conformational

of plants. One group, called gibber-  biochemical studies of GID1A and observed ~ change — an alteration in the shape of the
ellins (GAs), is involved in seed germination  how it is activated by binding to a bioac- macromolecule — in the folded N-termi-
and promoting new cells in stems, leaves and  tive GA. Their aim was to verify how GA nal extension, creating a binding surface
flowers. Only in the past decade have re- and GID1A both bind to, and trigger, the for the GID1-DELLA protein. Once

searchers begun to uncover the precise mech- degradation of a negative transcriptional regu- ~ GID1-DELLA is bound to GID1A, the
anisms involved in GA signalling in plants,  lator of GAs called GID1-DELLA.DELLA  receptor sends out an explicit signal, tar-

because very little has been known about the  proteins can disrupt the regulation of GA, geting GID1-DELLA for degradation by
structure and behaviour of GA receptors. causing significant damage to plant growth. other proteins.

In 2008, researchers at NAIST, work- Through this work, Hakoshima and his
ing with scientists in the United States, “Hakoshima and his team deepened team deepened understanding of how cellular
established the first structural model of a understanding of how cellular func- functions can be regulated by signalling from

hormones and their receptor molecules. Their
findings could help influence crop-selection

gibberellin receptor called GID1A, found in
thale cress plants (Arabidopsis thaliana), and
with that revealed a key process involved in and the manipulation of plant growth. For
protecting healthy plant development!. example, it may be possible to develop deriv-
There are 136 known GAs, but only a atives of GAs to use as growth regulators in
few of them function as hormones; those They found that GID1A has a compact form some crop plants.
that do are known as bioactive GAs. With- with a so-called ‘N-terminal extension’, as well
out the presence of bioactive GAs, plants  as a pocket for GA incorporated into its struc-
are stunted and dwarfed; but if too much ture (see figure). The N-terminal senses GA
is present, the cells in the plant stems are and, once GA binds to GID1A, folds back on 1. Murase, K, Hirano, Y., Sun, T-P. & Hakoshima, T.
. . . Gibberellin-induced DELLA recognition by the
elongated — producing plants that are tall  itself to cover the GA pocket. In this way, the gibberellins receptor GID1. Nature 456,
& and often infertile. N-terminal acts as a shield to protect GA. 459-464 (2008).

tions can be regulated by signalling
from hormones and their receptor
molecules.”

DELLA proteins
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DELLA

N-terminal
extension switch

© 2008 Toshio Hakoshima, Nara Institute of Science and Techno

The structural mechanism by which receptor GID1A binds with gibberellin hormones (GAs) and subsequently binds to and targets GID1-DELLA proteins for
degradation. The process helps protect correct plant growth and development.

More information about the group’s research can be found at the Structural Biology Laboratory webpage:
http://bsw3.naist.jp/eng/courses/courses306.html
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Cell function

Protein groove aids
membrane assembly

The crystal structure of a membrane protein in soil bacteria is described for the first time

c ell membranes are semi-permeable
barriers, consisting of a bilayer of lipids
with embedded proteins that perform
vital functions. These proteins are so important
that they have become the target of 60 per cent
of the medicinal drugs used today.

For newly synthesized membrane proteins
to properly function, they must be accu-
rately inserted, folded and assembled into
the membrane.

To help understand how this process occurs,
Tomoya Tsukazaki and colleagues at NAIST
described, for the first time, the crystal structure
of YidC, a protein in the cytoplasmic mem-
brane of Bacillus halodurans, a gram-positive
bacterium found in soil'.“We determined
the first high-resolution structure of the
YidC-Oxal-Alb3 family of membrane pro-
teins, and we propose an insertion mechanism
for membrane proteins,” says Tsukazaki.

€€our findings pave the way for fur-
ther investigations into the molec-
ular mechanism of YidC. 39

YidC is involved in the folding and insertion
of many membrane proteins, including one
involved in the release of energy, and is thus
essential for cell viability.

Tsukazaki’s team collected diffraction data
on YidC crystals at Japan’s SPring-8 syn-
chrotron facility, and refined the structure to
a 2.4 dngstrom resolution. They then created
computer simulations mimicking the physical
movement of YidC in a lipid bilayer. To better
understand YidC’s role, they compared the
effects of mutating the yidC gene to the effects
of mutating another gene involved in the mem-
brane insertion process.

Previous studies suggested YidC formed a
channel that facilitated membrane insertion of
protein substrates, says Tsukazaki. His team’s
investigations revealed, instead, that YidC con-
tains a novel fold in which five independently
functioning transmembrane helices form a

Extracellular _

I

Hydrophilic groove

The membrane protein YidC’s hydrophilic, positively charged groove facilitates membrane insertion

of proteins.

groove that is open toward the lipid bilayer and

cytoplasm, but closed on the extracellular side.
'The groove has an affinity for water (is hydro-
philic) and positively charged (see figure).

A substrate protein interacts with the
positively charged cytoplasmic region of
YidC, and is then captured in YidC’s hydro-
philic groove; the positively charged groove
attracting the negatively charged residue on
the substrate. An arginine residue that exists
in the groove participates in recognizing
the substrate protein, which is then released
by the groove into the membrane, partial-
ly facilitated by the membrane potential
attracting the negatively charged residues on
the substrate.

“Our findings pave the way for further
investigations into the molecular mechanism of
YidC,” says Tsukazaki.

“YidC also facilitates the proper folding of
membrane proteins inserted by a protein-con-
ducting channel — the SecYEG translocon —
and is essential for cell viability. We are trying
to determine the structure of the complex of
YidC and Sec proteins in order to fully under-
stand the conserved mechanism of membrane
protein biogenesis.”

Reference

1. Kumazaki, K., Chiba, S., Takemoto, M., Furukawa, A.,
Nishiyama, K. et al. Structural basis of Sec-independ-
ent membrane protein insertion by YidC. Nature 509,
516-520 (2014).

More information about the group’s research can be found at the Membrane Molecular Biology Laboratory webpage:
http://bsw3.naist.jp/eng/courses/courses309.html
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The axial skeleton of a newborn mouse.

Embryology

Signal loop sets
vertebrae numbers

A signalling feedback loop regulates the molecular clock that controls the number of vertebrae

in backbones

esearchers at NAIST are unravelling
R the regulatory mechanism determining

the number of vertebrae formed in the
embryo, a critical process in the development of
back-boned animals.

Embryonic development in animals includes

a carefully choreographed interaction between
a moving chemical gradient and a ticking
molecular clock to measure out segments (called
somites) along the body’s length. The segmen-
tation clock involves oscillations in gene activity
that regulate a principal cell-to-cell communica-
tion mechanism, known as the Notch signalling
pathway, as well as Notch intracellular domain
(NICD). By tuning these oscillations, each
species develops a specific number of somites,
determining how many vertebrae it has.

€6 feel that the Nara Institute has an
atmosphere in which we can wres-
tle with fundamental questions. 99

To better understand this process, a team
of researchers at NAIST and other institutes

investigated the role of a negative Notch regula-
tor, Nrarp. Since Notch controls the expression
of Nrarp, the two form a feedback loop regulat-
ing NICD levels. The researchers studied mice
lacking Nrarp to discover how this feedback
loop regulates somite formation.

“Nrarp knock-out mice are almost nor-
mal, but they have small anomalies in their
axial skeletons,” says Yasumasa Bessho, from
NAIST’s Graduate School of Biological
Sciences. In addition to these defects, the
mutant mice have fewer vertebrae than normal.
Measuring the segmentation clock showed
that it ran slightly slower in the mutant mice, a
decrease that was linked to higher Notch levels.

When the team used a drug to reduce Notch
levels, the segmentation clock ran faster and
more somites were formed. Based on their find-
ings, the researchers speculate that the Notch-
Nrarp feedback loop provides robustness to the
segmentation clock.

During somite formation, “most of the cells
are synchronized with the gene oscillations, but
some of them are out of phase because of pertur-

bations from the environment, such as chemical
agents or temperature changes, or intrinsic
perturbations, such as cell division,” explains
Bessho. Since the out-of-phase cells don't disrupt
development, something must resynchronize
them with their neighbours. Bessho and his
colleagues suspect that Nrarp plays an important
role in this resynchronization mechanism.

The team is now testing this hypothesis by
checking whether Nrarp knock-out mice are
more sensitive to a drug that causes embryonic
abnormalities. So far, the results suggest that
Nrarp is necessary for robust somite develop-
ment, but research is still ongoing.

“Nowadays, this kind of basic research may
be neglected,” says Bessho. “However, I feel that
the Nara Institute has an atmosphere in which
we can wrestle with fundamental questions.”

Reference

1. Kim, W,, Matsui, T., Yamao, M., Ishibashi, M.,
Tamada, K., Takumi, K. et al. The period of the somite
segmentation clock is sensitive to Notch activity.
Molecular Biology of the Cell 22, 3541-3549. (2011)
doi: 10.1091/mbc.E11-02-0139

More information about the group’s research can be found at the Gene Regulation Research Laboratory webpage:
http://bsw3.naist.jp/eng/courses/courses308.html
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Neurobiology

How nerve cell axons

become mobilised

A signalling pathway stimulated in the tips of growing axons triggers the generation of traction
forces between an axon and its substrate

xons are the long, slender projections
Aof the neurons that make up the

nervous system and conduct elec-
trical impulses. As they grow towards their
targets in the developing nervous system they
need to generate traction forces, which allow
them to grab onto their substrate and extend
themselves to their final location. How do
they do it?

A research team led by Naoyuki Inaga-

ki at Japan’s Nara Institute of Science and
Technology has found that chemo-attractant
molecules activate a signalling pathway in
growing axons, allowing the generation of
mechanical forces that permit axons to propel
themselves toward their destination.

Naoyuki Inagaki

Netrin is an extracellular chemo-attractant
molecule that induces the growth of devel-
oping axons and the researchers thought this
could be because netrin induces traction force
generation within the tip of the axon. To test
this, Inagaki and colleagues grew neurons on
elastic gel embedded with fluorescent beads
in the presence of netrin and observed the
displacement of the beads. This suggested that
the axons were grabbing on to the substrate in
order to propel themselves forward.

Netrin activates a wide range of intracel-
lular signalling molecules, some of which
— such as actin — may be responsible for
strengthening the link between structural
molecules within the axon and the substrate

A fluorescence image of an axonal growth cone (green, shootinl phosphorylated by Pak1; red,
actin filaments; blue, microtubules), showing the sites where the signal-to-force transduction for
axon outgrowth occurs.

on which the axon is growing. Pak1 is an en-
zyme within the axon tip that adds phosphate
groups to other proteins to regulate their
activity and shootin1 is a linker molecule that
couples actin to the substrate.

(4 ‘Our findings provide a key mo-
lecular mechanism for under-
standing the mechanical forces
that are involved in human brain
development. 99

The researchers found that Pakl can add
phosphate groups to shootinl and that this
addition could be increased by adding netrin
to the neuronal cultures. When shootinl con-
tains these phosphate groups that have been
added by Pak1, it leads to the strengthening
of the link between actin and the substrate.

When Inagaki’s team lowered the ex-
pression of shootinl within the neurons,
the growing axons seemed to slip on their
substrate and netrin was not as effective at
inducing axonal outgrowth. If they expressed
a modified Pak1 that blocked its ability to add
phosphate groups to shootinl, axon growth
was also inhibited. However, when they
expressed a modified shootinl that already
contained these phosphate groups, traction
force generation and axon outgrowth could
be restored.

Taken together, the data indicate that the
generation of the mechanical forces required
for axons to be able to grow requires the in-
duction of a signalling pathway that involves
the activation of Pak1 and shootinl. “Our
findings provide a key molecular mechanism
for understanding the mechanical forces that
are involved in human brain development,”

says Inagaki.

1. Toriyama, M., Kozawa, S., Sakumura, Y. & Inagaki, N.
Conversion of a signal into forces for axon outgrowth
through Pakl-mediated shootinl phosphorylation.
Curr Biol 23, 529-34 (2013)

More information about the group’s research can be found at the Inagaki Lab webpage:

http:/ /nippon.naist.jp/inagaki_g/english/
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Optical devices

Making simpler, cheaper
organic crystals

Molecular materials could simplify the fabrication and reduce the cost of lasers

C heap and efficient sources of light
could play an important role in future
communication systems. NAIST
researchers have now synthesized molecular
crystals that could be used in bright, but easily
manufactured, laser devices'.

Most optoelectronic light sources, such as
light-emitting diodes and lasers, are made from
inorganic materials such as gallium arsenide,
which are expensive. Organic-molecule-based
materials offer a cheaper alternative because
they can be produced by solution and printing
processes rather than complicated methods

like the deposition of crystalline overlayers

on substrates, known as epitaxy. As an added
bonus, organic-based devices can be fabricated
on curved or even flexible substrates.

But much development is still needed
before these sources match the performance
and versatility of their inorganic counter-
parts. An electrically powered laser made
using a molecular active region is particularly
challenging, for example.

Hisao Yanagi from NAIST’s Quantum
Material Science Laboratory, working with
colleagues in Japan and Italy, have now synthe-

NAIST researchers hope to soon fabricate light-emitting diodes based on BP1T-CN, an n-type TPCO
organic semiconductor crystal, which emits bright blue light when illuminated with ultraviolet radiation.

sized a novel organic-molecule-based material,
and demonstrated that it can produce laser
light, paving the way to an electrically driven
molecular source of intense optical radiation.
“One of the advantages of molecular mate-
rials is that their emission colour is tunable by
molecular modification,” explains Yanagi. “So
we prepared blue-light-emitting molecular
crystals and investigated their laser properties.”
The researchers chose to use a molecule in
a class of organic semiconductors known as
thiophene/phenylene co-oligomers (TPCOs).
Scientists are focusing a great deal of atten-
tion on TPCOs because they are robust and
have excellent semiconducting properties.
Yanagi’s team observed spectrally pure and
bright emission with a wavelength of 500 na-
nometres when they illuminated their sample
with ultraviolet radiation. This so-called
optically pumped lasing is the first step in the
development of electrically driven devices.
The most important part of many semicon-
ductor light emitters is the p—n junction: an
interface between a positively and negatively
charged regions where the light is produced.
These charge regions arise in inorganic
materials because of atomic impurities. In
molecular materials, however, p and n regions
are created by adding ‘electron accepting’ or
‘electron withdrawing’ molecular groups to the
active molecule.
Most previous TPCOs have been p-type.
Yanagi and co-workers managed to create
an n-type organic semiconductor crystal by
substituting in cyano groups, creating a mo-
lecular crystal called BP1T-CN. This work is
the first demonstration of optically pumped
lasing in an n-type TPCO. “We next hope
to fabricate light-emitting diodes with this
material,” says Yanagi.

Reference

1. Mizuno, H., Maeda, T., Yanagi, H., Katsuki, H., Aresti,
M. et al. Optically pumped lasing from single crystals
of a cyano-substituted thiophene/phenylene co-oli-
gomer. Advanced Optical Materials 2, 529-534 (2014).

More information about the group’s research can be found at the Quantum Materials Science Laboratory webpage:
http://mswebs.naist.jp/LABs/optics/eng/index-e.html
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Semiconductors

120-fold boost in
photoluminescence

Analysing and refining semiconductor surfaces dramatically increases the efficiency of

luminescent devices

C areful preparation of semiconduc-

tor surfaces can greatly enhance the
efficiency of semiconductor materials
widely used in light-emitting diode (LED)
displays and many other applications, accord-
ing to research conducted at NAIST in Japan.
“Luminescence efficiencies can be increased by
more than 100 times,” says Ken Hattori, one
of the researchers in the study.

Hattori and colleagues at NAIST, working
with collaborators at Osaka University, in-
vestigated the semiconductor gallium nitride.
“Blue light from gallium nitride is now used
everywhere in displays and other applica-
tions,” says Hattori. However, typically only a
very thin surface region — no deeper than a

The NAIST complex surface-analysis system is one of the biggest and most sophisticated in the world.

few hundred nanometres — emits light. This
is because material near the surface reabsorbs
light created deeper in the semiconductor.

4 ‘Improving the quality of the layers
near the gallium nitride surface will
be key to making much higher per-
formance luminescence devices.99

Mechanical polishing is currently the
final stage in the commercial production
of gallium nitride crystals, but this process
can damage layers in the crucial region near
the surface. The relationship between the
quality and chemistry of the surface layers,
and the material’s luminescence efficiency,

-

i el
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had not been well studied, a deficiency this
research addressed.

The team used sophisticated surface-science
techniques to examine the effects of removing
physically damaged layers and oxide-contain-
ing layers under ultrahigh vacuum conditions.
These techniques included specialized
chemical etching and physical treatments with
ultrapure water and gas. The researchers also
investigated the role of hydrogen contami-
nation, since hydrogen can penetrate crystals
from solutions used in their production.

The team found that removing physically
damaged layers and oxides near the surface
and reducing the concentration of hydrogen
in the crystals resulted in an approximately
120-fold improvement in photoluminescent
efficiency'. While semiconductor manufactur-
ers have already attempted to remove damaged
and oxide-containing layers, they used a less
sophisticated process that is clearly much less
efficient than that developed by the NAIST
team and their colleagues.

“Improving the quality of the layers near the
gallium nitride surface will be key to making
much higher performance luminescence
devices,” explains Hattori. Given the plethora
of LEDs and similar systems in all areas of
modern technology, this research could lead to
considerable industrial and economic benefits.
'The researchers believe that the findings could
be applied to other semiconductor materials.
Their next step is to conduct similar studies
on other semiconductors to see if the striking
enhancements achieved with gallium nitride
can be replicated more generally. NAIST has
one of the biggest complex surface-analysis
systems in the world (see figure). “This gives
us significant advantages,” says Hattori.

Reference

1. Hattori, A. N., Hattori, K., Moriwaki, Y., Yamamoto, A.,
Sadakuni, S. et al. Enhancement of photoluminescence
efficiency from GaN(0001) by surface treatments.
Japanese Journal of Applied Physics 53, 021001 (2014).

More information about the group’s research can be found at the Surface and Materials Sciences Laboratory webpage:
http://mswebs.naist.jp/LABs/daimon/index-e.html
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Polymer chemistry

Handedness theory

usurped

Right circularly polarized light does not necessarily give left-handed molecules

t had long been accepted that right
I circularly polarized light is needed to
produce right-handed polymer molecules.
But to the surprise of researchers at NAIST,
right circularly polarized light can also give
rise to left-handed polymer molecules, and
vice versa: polymer handedness depends on
other factors, including the wavelength of the
light and the refractive index of the solvent.
Chemists often want to produce either
a left- or right-handed version of a chem-
ical. The two forms, which are known as
enantiomers, are identical except that they
are mirror images of each other — like
left-handed and right-handed gloves. How-
ever, they react very differently with other
enantiomers, which are frequently found in
biological systems.

“The researchers anticipate that
their findings will lead to the pro-
duction of various photoluminescent
substances and polymeric materials
that can be used for re-writable op-
tical memory, efficient erasure, and
long-term data storage.”

An attractive way to produce enantiomers
is to use circularly polarized light, as this
method can induce handedness without using
expensive chemicals. Up until now, conven-
tional wisdom had dictated that left-handed
circularly polarized light preferentially pro-
duces left-handed molecules, and vice versa.
Furthermore, the handedness of a molecule
was thought to be independent of the wave-
length of the light used. Now, Michiya Fujiki
and co-workers at NAIST have overturned
both these assumptions’.

Using a green-emitting chain-like poly-
mer known as PF8T2, the researchers found
that the handedness of PF8T2 depends
on both the wavelength and the handed-
ness of the circularly polarized light used. Spe-
cifically, they found that when a right-handed

Right-handed
visible photon

Right-handed helix

>

Right-handed
ultraviolet photon

Achiral polymer

Left-handed
ultraviolet photon

>

b
b
b

Left-handed
visible photon

Left-handed helix

NAIST researchers find that left circularly polarized light can give rise to right-handed molecules and

vice versa.

circularly polarized light in the visible region
is used, right-handed PF8T?2 was produced;
whereas when right-handed circularly polar-
ized light in the ultraviolet region was used,
left-handed PF8T?2 was formed (see figure).

€€ 1n the future, we will try to in-
duce and control the helix sense
of polymers and the chirality
hand of small molecules with a
100 per cent yield driven by cir-
cularly polarized light, spinning
electron beams, anti-neutrinos
and magnetic and electric fields.99

‘They also found that, by precisely con-
trolling the refractive index of an in-
expensive organic solvent, they could
increase the yield of PF8T2 up to
10 per cent — the highest yield ever
reported for an enantiomer using this
light-based synthesis method.

The researchers anticipate that their find-
ings will lead to the production of various

photoluminescent substances and polymeric
materials that can be used for re-writable
optical memory, efficient erasure, and long-
term data storage. They also expect that the
findings will facilitate efficient switching
using a circularly polarized light source once
a detector for circularly polarized light has
been developed.

“In the future, we will try to induce and
control the helix sense of polymers and the
chirality hand of small molecules with a
100 per cent yield driven by circularly polar-
ized light, spinning electron beams, anti-neu-
trinos and magnetic and electric fields,” Fujiki
states. “This has probably been the ultimate
goal of chirality-related scientists in chemis-
try and physics over the last two centuries.”

Reference

1. Fujiki, M., Donguri, Y., Zhao, Y., Nakao, A., Suzuki, N.
Yoshida, K. & Zhang, W. Photon magic: Chiroptical
polarisation, depolarisation, inversion, retention
and switching of non-photochromic light-emitting
polymer in optofluidic medium. Polymer Chemistry
advance online publication, 08 December 2014
(doi: 10.1039/C4PY01337A).

More information about the group’s research can be found at Michiya Fujiki’s laboratory webpage:
http://mswebs.naist.jp/LABs/fujiki/english/index-e.html
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Photonics

Implant sensor images
brain activity in vivo

Image sensor implant makes it possible to record the neural activity of a living mouse as it moves

fluorescence imaging system that can
Abe implanted in the brains of living

and freely moving mice allows the
neural activities of mice to be monitored dur-
ing different behaviours. The system, which
was developed by researchers at NAIST
in Japan, has the potential to provide fresh
insights into how neural networks function in
the brain.

The implantable fluorescence imaging
system, fabricated by Jun Ohta of NAIST’s
Graduate School of Materials Science and
his colleagues, consists of a set of blue/
green light-emitting diodes (LEDs) and
a tiny image sensor — a smaller and sim-
pler version of those commonly found in
digital cameras. The image chip contains
120 x 268 pixels and is just 1 millimetre wide
and 3.5 millimetres long.

Light from the LEDs excites fluorescence
in brain cells that have been doped with a

€m contrast, the NAIST imaging
system can function even when
the subject is moving. »

voltage-sensitive dye. Consequently, the in-
tensity of the excited fluorescence varies with
changes in the membrane potential, which is
related to neural activity. The emitted fluo-
rescence is then captured by the image sensor
and transferred via a cable to a computer and
additional electronics where it is analysed.
This is performed at a rate of 60 frames per
second, enabling movies of neural activity to
be recorded.

While techniques such as conventional
fluorescence microscopy and functional mag-
netic resonance imaging are capable of re-
cording activity in different parts of the brain,
they require the subject to remain perfectly
still. In contrast, the NAIST imaging system

can function even when the subject is moving.

“The system we have developed makes
it possible to take real-time images [of

Two image sensor chips implanted in the two visual cortices of the brain of a mouse.

© 2015 Jun Ohta, Nara Institute of Science and Technology

the brain activity] of small experimental
animals such as mice and rats in a freely
moving condition,” explains Ohta, “which
is important for studying learning and
memory functions.”

By installing two sensors in the left and
right hemispheres of the brain, the team has
mainly used the system to study activity in

a cable connected to the animal, which con-
siderably limits its movement. Another plan
is to develop a microimaging device that can
be implanted in the limbic system — a deep
brain region associated with emotion and
addiction and hence important for studying
mental diseases.

the visual cortex of mice. However, Ohta says RIS {S

the system could be used to investigate other

functional areas of the brain.
The researchers have several ideas for
future work. One idea is to create a wireless

system; this would eliminate the need to have

1. Novel implantable imaging system for enabling
simultaneous multiplanar and multipoint analysis
for fluorescence potentiometry in the visual cortex.
Kobayashi, T., Motoyama, M., Masuda, H., Ohta, Y.,
Haruta, M. et al. Biosensors and Bioelectronics 38,
321-330 (2012).

More information about the group’s research can be found at the Photonic Device Science Laboratory webpage:
http://mswebs.naist.jp/LABs/pdslab/index-e.html
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Data storage

Improving memory
using hot spots

Localized hot spots are the key to the operation of low power consumption electronic memories

n increasing reliance on electronics
A for processing information has driven

a need for devices that can store all
this data. NAIST researchers have now used
thermal imaging to better understand the
storage mechanism in one possible type of
memory device!, and provide insight that could
help reduce the power consumption of such
components in the future.

Non-volatile memory — devices that retain
their data when power is switched off —
should squeeze as much information into as
small a space as possible, be cheap to produce,
and not consume too much energy. Resistive
random access memory (ReRAM) is one tech-
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nology that fulfills these requirements. Resistive
devices operate by harnessing the ability of
some materials to switch between high and
low electrical resistance states. This means that
ReRAM offers rapid reading and writing of
data, and can be easily integrated with existing
silicon-based electronics technologies.

({4 Our future work will attempt to
establish a relationship between
heat and electrical characteristics
of the device. 99

“But the operation mechanism of resistive
switching memories is not fully understood,”

Hot spots imaged on the surface of a resistive random access memory 1,000 micrometres in diameter
are a signature of current filaments that significantly alter the electrical resistance of the device.

says NAIST researcher Yukiharu Uraoka,

from NAIST’s Information Device Science
Laboratory. “So we chose to investigate the heat
generated in the device to see if it affected the
performance of the memory.”

Uraoka and his co-workers studied the
changes in ReRAM during switching by
monitoring the surface temperature. They
created their ReRAM by sandwiching a
30 nanometre-thick layer of amorphous indium
gallium zinc oxide (a-IGZO) between two
platinum electrical contacts. They used an
infrared detector to create a spatially resolved
thermal map of the device as they applied a
voltage of up to 1.5 volts across the electrodes.

The team noticed that the voltage created
hot spots on the surface of the device (see
figure). These localized regions, with a max-
imum temperature of 186 °C, were a sign of
electrical pathways, or current filaments, that
pass through the a-IGZO. These filaments
significantly alter the resistance of the thin film,
thus enabling the switching that is central to
the operation of a ReREM.

Current filaments have been observed in
resistive materials in the past using techniques
such as scanning electron microscopy or
electron energy loss spectroscopy. But these
methods weren't able to observe the filaments
as the voltage was applied — which means they
didn't provide much information on how the
filaments are formed.

“Our method can detect the location of
conductive filament, a main contributor to the
resistive switching,” says Uraoka. “Our future
work will attempt to establish a relationship
between heat and electrical characteristics of
the device.”
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The photoreactor used to produce cyclobutanes.

Photochemistry

Microflow set-up
boosts output

Photochemical reactions in a flow rather than a batch reactor lead to easy scaling up

ost chemical reactions require
energy to start them. In almost all
cases, that energy is heat, but for

certain reactions, light energy must be used
instead. Known as photochemical reactions,
these include one of the most effective ways
of producing cyclobutane rings — cyclic
structures containing four carbon atoms,
which are frequently found in naturally
occurring compounds with useful biological
properties, such as insect pheromones.

Now, Yasuhiro Nishiyama and his
team at NAIST’s Graduate School of
Materials Science in Japan, along with
Michael Oelgemoller at Australia’s James
Cook University, have shown that photo-
chemical reactions like these can be done very
effectively in a flow chemistry set-up.

Most industrial chemical processes are
run in a so-called ‘batch set-up’, which is
not unlike the procedure for baking a cake:
reactants are combined in known proportions
and mixed for a set time. Each reaction batch
produces a fixed amount of product. But this

way is not very amenable to photochemical
reactions: “Light cannot penetrate sufficiently
into large batch reactors or high-concentration
solutions,” explains Nishiyama. “Thus, almost
all photoreactions show poor conversion in
batch reactors.”

€ If we need to scale up, we can also
run multiple reactors in parallel, a
process called numbering up.

The team investigated reactions that
produce cyclobutanes from two alkenes (a
class of hydrocarbons containing only carbon
and hydrogen) in a microflow set-up. In this
set-up, the reaction tubes have an internal
diameter of just 1 millimetre and are wrapped
around the light source, allowing the whole
apparatus to be cooled easily (see figure).

Of particular interest is that one of the rea-
gents — ethylene — is a gas. In a batch process,
this would add a further difficulty, since the
reaction can only occur at the surface between
the gas and liquid reagents. In flow; however,

© 2015 Yasuhiro Nishiyama, Nara Institute of Science and Technology

pumping a gaseous and a solution reagent into
a small tube produces small gas bubbles in the
solution as it flows through the tube. This is
known as slug flow, and it ensures that there is
a very thin film of reactant solution at the edge
of the tube, which is easily penetrated by light.
'The small bubbles create a large surface area at
which the reaction can occur.

Photoreactions performed in the flow
set-up are slightly more efficient and selective
than those performed in a small batch
reaction. Importantly, making a large amount
of product is much easier: simply running the
reactor continuously produces more product.
“If we need to scale up, we can also run
multiple reactors in parallel, a process called
numbering up,” says Nishiyama.
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Silicon chemistry

Hybrid skin for
stable agents

Spherical vesicles formed from lipid bilayer membranes with an outer silica network show excellent

morphological stability

erasomes — spherical vesicles with a

lipid bilayer membrane and ceram-

ic surface and an internal aqueous
compartment — have exciting potential
for use in biomedical and electronic de-
vices. These organic—inorganic hybrid
structures are made from the spontaneous
self-assembly of amphiphilic molecules
(attracted to both water and fat) to form a
bilayer structure, followed by condensation
reactions on the structure’s exterior to form a
silica-based network.

NAIST researchers Jun-ichi Kikuchi,
Kazuma Yasuhara and Keishiro Tahara are in-
vestigating new ways to make and modify these
hybrid materials to create gene delivery agents
or magnetic structures that can be manipulated
by external magnetic fields'.

They have prepared and characterized
cerasomes formed from lipids with different
molecular components — including those
with cationic groups (positive ions) — and
shown how their structure and stability,
across a pH range and in the presence of
surfactants, are influenced by the cerasomes’
composition and the reaction conditions used
to make them.

.

NAIST chemists have prepared and characterized cerasomes formed from lipids with different molecular components.

The molecular components of a cerasome
-forming lipid comprise a hydrophobic tail, a
connector unit (for example, an amide or urea
function), and an ethyoxysilyl group, which
must be removed by hydrolysis before assembly
of the lipid can occur. The cerasomes are be-
tween several tens of nanometers and microns
in diameter, and can exist as single-walled or
multiwalled vesicles.

Cerasomes, a close relative of phospholipid
-containing vesicles (namely liposomes),
differ as a result of the siloxane framework
that covalently links several of the amphi-
philic lipids together. “The cerasomes behave
as biomembrane models, but they have a
much enhanced morphological stability
compared with conventional liposomes,”
says Kikuchi. The siloxane framework that
connects the surface together is the key
stabilizing factor and, in addition, imparts
the chemical and biophysical characteristics
of silica particles to the cerasomes.

'The surface of these hybrid structures can be
easily adapted to a range of chemical species
including organic molecules, titanium dioxide,
hydroxyapatite, and metals, which opens up
many possible functions. For example, the tita-

nium-dioxide-coated cerasomes are photocat-
alytically active, and the hydroxyapatite coating
enhances the biocompatibility of the vesicles.

The metal-coated cerasomes, or metal-
losomes, are formed by electroless plating of
palladium or gold onto the outer silica surface.
“Metallosomes have practical advantages as
a new type of organic—inorganic-metallic
material in various applications, including ener-
gy conversion and information processing,” says
Kikuchi. “For example, the magnetic cerasome
can behave as a molecular vehicle manipulated
by an external magnetic field.”

In addition, cationic cerasomes have been
developed as gene delivery agents with high
transfecting capabilities and low toxicity in var-
ious cell lines?. The clinical translation of these
cerasomes is a future goal in this area.
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Biophysics

Enzyme’s special bonds
finally revealed

High-resolution crystallography uncovers the first view of bonds important for enzyme structure

and function

suggested that a special class of intramolec-

ular bonds known as low-barrier hydrogen
bonds (LBHB) play an important role in
enzymatic reactions. But it took until 2009 for
a high-resolution crystallography technique
developed by Japan’s NAIST to allow scientists
to finally observe these elusive bonds.

LBHBs are exceptionally short hydrogen
bonds, resulting in the hydrogen ion, a proton,
being more evenly shared between the partners.
'This confers additional flexibility to the mol-
ecule, enabling it to change shape more easily
during reactions. However, the short length
of LBHBs also makes them difficult to detect
directly, leading to some debate about their ex-
istence. Observation of an LBHB calls for very
high-resolution crystallography to determine
the position of the proton and the donor and

I n 1994, a pair of papers published in Science

acceptor atoms.

€€ The resolution we attained was the
highest in the world. Nobody had
ever conducted such high-resolu-
tion neutron crystallography. 9 9

Mikio Kataoka’s team at NAIST was able
to overcome these challenges in collaboration
with researchers at other Japanese institutes.
They developed a method to grow large crystals
of the light-sensitive photoactive yellow
protein (PYP) in heavy water, enabling them
to determine its structure at an unprecedented
resolution with neutron diffraction'. “The reso-
lution we attained was the highest in the world.
Nobody had ever conducted such high-reso-
lution neutron crystallography,” says Kataoka,
adding that the team had to develop a new
analytical method to handle their data.

Work on the research spanned five years, in-
cluding two years to develop the crystallization
conditions. “A talented and ambitious student
selected the project as his doctoral research,”
observes Kataoka. “NAIST allows us to tackle

such time-consuming projects.”

Short ionic hydrogen bond

Visualization of a portion of the molecular structure of photoactive yellow protein, with insets showing

two different kinds of hydrogen bond.

'The team was able to detect the position
of 87% of the hydrogen ions in PYP, and
determine that one of them — buried within
the protein’s interior — forms an LBHB. In
addition to easing the protein’s conformation
change in response to light, the LBHB serves
to stabilize a negative charge, which would
otherwise be energetically unfavourable in
the interior environment of the protein.

Kataoka is now using time-resolved crys-
tallography to follow changes in the LBHB
during PYP’s photoreaction. “Before practical
applications, we must clarify the properties of
LBHB and the principle of LBHB formation.

Basic research will be still required,” he says.

A better understanding of LBHBs may
significantly improve our ability to engineer
molecules. “The formation of LBHBs is a
key element for eflicient proton transfer,”
explains Kataoka. “If we can control the
formation of LBHBs, it will allow us to
design artificial enzymes with high efficiency
and artificial proton pumps, as well as [more]
efficient medicine.”
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Myoglobin dimer formation using (a) the natural protein monomer, (b) two mutant monomers obtained by switching the positions of the bridging residues
(E78/K85 and D79/K141) and (c) two mutant monomers with switched bridging residues and different heme active sites (H93 and H68/H93).

Artificial proteins

Growing enzyme diversity
using mutations

A targeted protein mutation strategy opens the door to multifunctional artificial enzymes

ite-specific modifications and pairing of
natural proteins are expected to generate

S artificial enzymes capable of catalysing

multiple reactions simultaneously, reveals new
research by NAIST".

'The work of enzymes relies on protein
folding. Existing protein design methods have
produced several artificial enzymes that promote
oxidation, reduction, and hydrolysis reactions.
These methods have rested on metal ions or
other additional compounds called co-factors
to control protein folding and achieve these
functions. Other self-assembly approaches have
led to similar results by forming protein pairs,
or dimers. However, the variety of synthetic
enzymes remains limited.

To expand this artificial enzyme library,
Shun Hirota, from the Graduate School of
Materials Science, and co-workers have de-
veloped a new strategy that produces various
dimers by exchanging specific residues in
natural proteins. As a proof-of-concept, they
applied this domain swapping approach to
iron-containing proteins responsible for oxy-
gen transport and storage in the body, known
as hemeproteins.

Having recently discovered that domain
swapping governed the polymerization and
oligomerization of hemeproteins, such as
cytochrome ¢ and myoglobin, Hirota’s team de-
cided to exploit this phenomenon to create new

({4 Domain swapping with mutation
allows us to construct artificial pro-
teins possessing active sites with
different structures. 99

proteins containing a few monomer units, or
oligomers. “Domain swapping with mutation al-
lows us to construct artificial proteins possessing
active sites with different structures,” he adds.
By examining the X-ray crystallographic
structure of the natural myoglobin dimer in
detail, Hirota’s team identified four bridges
between each protein subunit. These bridges
resulted from electrostatic interactions between
positively and negatively charged residues, hold-
ing the dimer together. Consequently, to control
the dimerization, the researchers engineered two
different myoglobin mutants by switching the
positions of the charged residues in each mutant

(see figure). Specifically, they replaced two

positively charged residues by two negatively
charged ones in one mutant, and two negatively
charged residues by two positively charged res-
idues in the second mutant. These two mutants
gave a stable dimer upon pairing.

Moreover, to generate a dimer with two dis-
tinct active sites, Hirota and co-workers altered
one of the heme sites in the second myoglobin
mutant before coupling it with the first mutant.
A spectrometric analysis of the resulting dimer
demonstrated that the two sites exhibited
different reactivities upon exposure to a mild
reducing agent. These results suggested that the
sites operated independently — evidence for the
usefulness of domain swapping in the design of
multi-heme proteins.

“We are currently designing other artifi-
cial hemeproteins comprising different active
sites by domain swapping,” says Hirota. By
expanding their library, the researchers are also
planning to produce multifunctional enzymes.
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Medical implants

Anti-fouling polymers
demonstrate star quality

Star-shaped polymer coatings show promise in fending off bacteria and blood clots in medical implants

T wo polymers, designed by researchers
at the Nara Institute for Science and
Technology (NAIST), may herald a
new class of ‘anti-fouling’ coatings for medical
implants such as heart valves and catheters'.

'The problem with implants, made from
silicone or polyethylene terephthalate (PET),
is that cells tend to stick to them. When blood
platelets (which promote blood clotting) attach
to an artificial heart valve, for instance, there is
risk of thrombosis, while adherent bacteria can
cause secondary infections.

€€we designed the hetero-star as a
first step, and expected they would
show moderate inhibition of plate-
let and bacterial adhesion. But
they exhibited much higher inhibi-
tion than we expected. 99

The researchers, from NAIST’s Graduate
School of Materials Science, suspected that a

coating of star-shaped polymers — in which
polymer chains radiate from a central poly-
mer ball — would make it difficult for bac-
teria and platelets to attach. “We wanted to

build a brush-like surface,” says correspond-
ing author Tsuyoshi Ando, “but without the
cumbersome steps of surface chemistry.”
Rather than attaching the star-polymer
‘brush bristles’ using covalent chemical bonds
— difficult to do, as PET is quite inert —
they designed star-polymers with hydropho-
bic chains that were naturally attracted to the
PET surface (see figure). “We chose polyme-
thyl methacrylate (PMMA) as our model hy-
drophobic compound for attachment to the
PET,” says Ando. The team synthesized three
star-polymer varieties: some made purely of
PMMA, some made from poly 2-hydrox-
yethyl methacrylate (PHEMA), and ‘hetero’
star-polymers containing both PMMA and
PHEMA. They then coated small strips of
PET with the polymers.

Ando’s team had expected the hydrophobic
PMMA stars to attach well to the PET surface,
and indeed it proved the most durable coating
trialled. However, the PMMA stars were not
very good at preventing platelet attachment.

'The hetero stars provided the best of both
worlds: the PMMA chains allowed them to
cling to the PET surface, while their PHEMA

Star polymer

Schematic of (left) the ‘brush-like’ star-polymer surface and (right) a star-shaped heteropolymer.

chains discouraged clotting and bacteria. “We
had some surprises,” says Ando. “We designed
the hetero-star as a first step, and expected they
would show moderate inhibition of platelet
and bacterial adhesion. But they exhibited
much higher inhibition than we expected.”The
PHEMA stars inhibited platelet adhesion
effectively too, and to the team’s surprise, they
attached well to the PET surface. “They were
still attached even after seven days of being
washed with a surfactant.” says Ando. “We
think these two ‘stars’are promising materials
for non-platelet adherence.”

Ando thinks improved versions of these
star-polymers could prevent bacterial ‘fouling’
not only in devices in contact with body fluids,
but “also on surfaces like the toilet bowl or sink.”
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More information about the group’s research can be found at the Biocompatible Materials Science Laboratory webpage:
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A bendable thermoelectric device made from modified carbon nanotubes can generate electricity from a temperature gradient.

Semiconductors

Generating power from
waste heat

Additives improve the thermoelectric efficiency of carbon nanotubes

endable devices that convert waste
B heat into useful electricity have

become much more efficient, thanks
to films made of tiny carbon nanotubes
developed at NAIST in Japan'.These ther-
moelectric films generate a voltage when
one side is hotter than the other and could
be used in a variety of applications, includ-
ing battery-free sensors and energy-saving
technologies. “More than 5 per cent of
the fuel consumption of gasoline-powered
vehicles could be saved by thermoelectric
heat recovery systems in the near future,”
says Tsuyoshi Kawai of the Laboratory for
Photonic Molecular Science at NAIST,
who led the research.

Most thermoelectric devices are solid,

inflexible materials made from highly
toxic elements. So Kawai and his colleagues
created lightweight and flexible thermoelec-
tric films made of hollow straws of carbon
atoms mere billionths of a metre wide, called
single-walled carbon nanotubes (SWNTs).
These films (see figure) can closely hug the

curved surfaces of an engine or pipe, maxi-
mizing the power they generate.

Unlike a metal wire, SWNTs do not carry
current as a flow of electrons. Instead, the
nanotubes rely on the movement of posi-
tively charged ‘holes’ left behind by missing
electrons — they are known as p-type semi-
conductors. The efficiency of thermoelectric
devices made solely from p-type materials is
very low — unless teamed with n-type semi-
conductors, which have a surfeit of electrons.
But researchers have previously struggled to
create stable and flexible n-type thermoelec-
tric materials.

Kawai’s team studied 33 different car-
bon-based molecules to assess whether they
could transform SWNTs into n-type sem-
iconductors. They found 18 molecules that
could. The best was triphenylphosphine (tpp),
whose phosphorus atoms inject electrons
into the SWNTs. The researchers filtered
the tpp-SWNTs from a liquid to create
air-stable n-type films, and paired them with
p-type SWNTs that had been enhanced with

another additive, tetracyanoquinodimethane
(TCNQ). The device was sealed inside a
polymer and wrapped around a pipe that was
hotter at one end than the other.

The team found that a temperature
difference of 20 degrees Celsius generat-
ed 110 nanowatts of power at a voltage of
6 millivolts. “We have demonstrated the first
example of flexible thermoelectric sheets with
this bipolar structure,” says Kawai.

The team’s survey of different additives also
revealed which molecules are best suited to
fine-tuning the behaviour of the SWNTs,
which is helping to design even more effi-
cient and stable n-type materials. “We are
now cooperating with some industrial com-
panies for future commercial applications,”
says Kawai.
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Optical memory

Laser switchable
across waveguides

Optical buffer memories may be improved with a vertical-cavity surface-emitting laser that can
switch light into different waveguides

design of a semiconductor laser that
A emits light into different sets of

waveguides depending on the polar-
ization of the lasing beam has been theoreti-
cally investigated by NAIST researchers’.

Hitoshi Kawaguchi’s team at NAIST used

three-dimensional finite-difference time-do-
main modelling to study the behaviour of a
vertical-cavity surface-emitting laser (VCSEL)
coupled to two sets of silicon waveguides
arranged in orthogonal directions to each
other (see figure). The coupling takes place via
a square-shaped, polarization-independent,
high-index-contrast subwavelength grating
(HCG) that is also made in silicon and forms
the bottom mirror of the VCSEL.

“For applications requiring a larger
waveguide output power, the reflec-
tivity of the DBR will be increased
by increasing the number of the
DBR layers. 99

When employed with a polarization bistable
VCSEL, such an arrangement may prove useful
for creating compact and efficient all-optical
bufter memories on a silicon chip that can tem-
porarily switch and store optical data streams
without the need for free-space optics.

“We found that the output waveguide can
be switched by changing the lasing polariza-
tion of the VCSEL with an extinction ratio
of 11.9,” says Kawaguchi. The light coupled
more strongly to the waveguide when it was
perpendicularly orientated to the polarization
of the resonant mode, rather than parallel. The
strongly coupled mode was found to be trans-
verse electric, or perpendicular to the propaga-
tion direction of the beam.

'The modelling assumes a VCSEL operating
at 1.55 micrometres in wavelength, consisting
of an active gain region composed of a series of
InGaAsP (indium gallium arsenide phosphide)
quantum wells sandwiched between the HCG
below, and a Distributed Bragg Reflector
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Simulation showing light exiting the VCSEL via the y waveguide only. By changing the lasing polariza-

tion, the output light switches to the x waveguide.

(DBR) above. The DBR is made from an al-
ternating stack of 32 pairs of thin layers of InP
(indium phosphide) and InGaAsP.

The HCG has a greater than 99 per cent
reflectivity for wavelengths around 1.55 mi-
crometres, while the DBR has a reflectivity of
around 90 per cent. The HCG is bonded to the
rest of the VCSEL structure using benzocy-
clobutene. According to the researchers, the
output power coupled to the waveguide is
similar to the emission from a conventional
VCSEL, which is less than 1 per cent of optical
power inside the laser cavity.

“This output will be sufficient for all-optical
memory applications because the memory

works with a very low input power of 80 nano-
watts,” explains Kawaguchi. “For applications
requiring a larger waveguide output power, the
reflectivity of the DBR will be increased by
increasing the number of the DBR layers.”
Their simulations also suggest that the
output power of the waveguide is roughly
proportional to the waveguide width.

1. Tsunemi, Y., Ikeda, K. & Kawaguchi, H. Lasing-polari-
zation-dependent output from orthogonal waveguides
in high-index-contrast subwavelength grating
vertical-cavity surface-emitting laser. Applied Physics
Express 6, 092106 (2013).

More information about the group’s research can be found at the Ultrafast Photonics Laboratory webpage:
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Photovoltaics

Semiconductor sandwich
solution for solar cells

Improved chemical process offers simpler route to promising organic photovoltaics

n improved technique for making flex-
Aible organic solar cells with higher effi-

ciencies, using a sandwiched configura-
tion that is more cost-effective to manufacture,
could help to boost their application, according
to research from Japan's NAIST.

Organic photovoltaic (OPV') devices, which
rely on carbon-based molecules to harvest light,
are lightweight and perform well in relatively
dim conditions, but currently have lower effi-
ciencies than conventional solar cells. “Owing
to these characteristics, OPVs are likely to find
applications first as indoor or portable devices,
rather than in large-scale power plants,” says
NAIST’s Mitsuharu Suzuki.

He and his colleagues have developed a way
to make OPVs that contain three layers of
semiconducting molecules. One of the outer
layers is an n-type semiconductor, which has a
surfeit of electrons; the other is p-type, which
has a deficit of electrons. The filling inside this
semiconductor sandwich is an ‘inter layer’ made
from a mixture of p- and n-type materials.
When light hits these cells, it frees electrical
charge from the inter layer so that electrons
— and the holes they leave behind — can flow
to the outer layers, thereby generating a current.

(1 Our proof-of-concept system will
be further elaborated in the very
near future, so that much higher ef-
ficiencies can be achieved. 99

Building these cells can be troublesome and
expensive, not least because the crucial organic
molecules often dissolve into neighbouring
layers during production. Suzuki’s team solved
this problem by forming some of the layers
from precursor molecules containing chemical
groups called ketones.

When the researchers exposed these pre-
cursors to a bright light, it triggered a reaction
that stripped away the ketones and generated
an insoluble semiconductor layer. After testing
a range of different semiconductor combina-

A technique for fabricating flexible solar cells with three layers of semiconductor molecules offers more

efficient organic photovoltaics.

tions, the team made a cell with an efficiency of
2.89 per cent — among the highest recorded
for this category of device'.
Using this approach meant that the research-
ers could build their cells using solutions of
the semiconductor molecules, a process that
is more cost-effective than alternative vacuum
evaporation. The strategy avoids extensive heat
treatments, so that the semiconductors can be
coated directly onto thin plastic films. And
tailoring the layers in this way also allowed
the researchers to use materials that have ideal
properties for each different layer of the cell.
Suzuki notes that access to high-quality
instruments and well-trained operational staff

at NAISTs facilities in Ikoma, Japan, was also
crucial to the success of their research.

His team of researchers are now tweaking
their molecules to absorb a greater quantity
of light, and to carry current more effectively.
“Our proof-of-concept system will be further
elaborated in the very near future, so that
much higher efficiencies can be achieved,”
says Suzuki.

Reference

1. Yamaguchi, Y., Suzuki, M., Motoyama, T., Sugii, S.,
Katagiri, C. et al. Photoprecursor approach as an
effective means for preparing multilayer organic sem-
iconducting thin films by solution processes. Scientific
Reports 4, 7151 (2014).

More information about the group’s research can be found at the Laboratory for Photofunctional Organic Chemistry webpage:
http://mswebs.naist.jp/LABs/env_photo_greenmat/en/Yamada_Group/HOME.html
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Layers of magnetic and non-magnetic materials are used in the read heads of computer hard drives.

Materials science
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Bringing magnetism

to gold

The magnetic alignment of iron carries further into an adjacent non-magnetic gold layer than anticipated

any physical phenomena can arise at
the interface between two different
materials, and they are often impor-

tant for many applications. In computer hard
drives, the electrical resistance of a non-mag-
netic material that is surrounded by magnetic
layers is very sensitive to external magnetic
fields, which is used to read the magnetic infor-
mation on the hard drive.

Studying related magnetic structures,
Nobuyoshi Hosoito and colleagues from
the NAIST Graduate School of Materials
Science, the Japan Synchrotron Radiation
Institute in Sayo and the Nara National Col-
lege of Technology have discovered that the
magnetic polarization can extend further into
the non-magnetic layer than previously an-
ticipated'. “We have shown that gold atoms
within a few nanometres from the interface
with an iron layer behave more like a ferro-
magnet than a non-magnet,” says Hosoito.

'The magnetic information carried by
elementary particles, such as the electron, is
known as their ‘spin’. Whereas conventional

electronic devices, such as transistors, make
use of the electrical charge of an electron,
researchers are working on devices that use the
spin instead, because this offers benefits such
as a potentially lower energy consumption. In
particular, the combination of magnetic and
non-magnetic materials enables new avenues
for controlling magnetic properties.

An important aspect of these devices is
to understand how far the magnetism of a
magnet extends into an adjacent non-mag-
net — in this case, that of iron into a layer
of gold. This is possible using resonant X-ray
magnetic scattering, which probes the rela-
tive orientation of the electron spins in the
atomic states of gold with high precision.

'The expectation was that, away from the
interface with the iron alignment, the spins
within the gold layer drops off rapidly towards
the random orientations of a non-magnet.
However, the measurements show that the spin
alignment extends further into the gold than
expected. This is due to the enhancements from
the interface between the iron and the gold,

explains Hosoito. “Electrons approaching this
interface are reflected differently according

to the orientation of their spins. This creates
a polarization.”

The creation of an enhanced magnetic
polarization inside non-magnets could lead to
new fundamental physical phenomena, where
the aligned spins inside the non-magnet can
interact with other effects that typically do not
exist in magnetic materials, such as supercon-
ductivity, to achieve new functionalities. More
practically, in technical devices such as comput-
er hard drives, the manipulation of magnetic
fields by complex magnetic/non-magnetic
structures could deliver its own advantages for
the manipulation of magnetism in enhanced
storage devices.

Reference

1. Hosoito, N., Ohkochi, T., Kodama, K. & Suzuki, M.
Charge and induced magnetic structures of Au layers in
Fe/Au bilayer and Fe/Au/Fe trilayer films by resonant
X-ray magnetic reflectivity at the Au L, absorption edge.
Journal of the Physical Society of Japan 83, 024704 (2014).

More information about the group’s research can be found at the Nanostructure Magnetism Laboratory webpage:
http://mswebs.naist.jp/LABs/hosoito/English/English.html
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NAIST researchers theoretically examined how terahertz spectroscopy would help analyse electrons and electron holes, as well as electronic plasma, and
how they behave around the exciton Mott transition — the point at which electron-hole pairings disappear.

Terahertz spectroscopy

Probing exciton
transitions

Electron interactions in semiconductors have been theoretically calculated using terahertz

erahertz radiation — between the

absorption spectra
mid-infrared and microwaves regions

I — is an important transition point on

the electromagnetic spectrum, and can be used
to visualize the boundary between quantum and
classical physics. It is a band with many potential
applications, from biotechnology to the develop-
ment of low-energy optoelectronic devices.

Researchers at NAIST conducted a theo-
retical study examining electronic plasma (an
electrically-charged gas made up of free-flow-
ing carriers) and paired electron-hole structures
in optically excited semiconductors, seeking to
understand how terahertz spectroscopy might
help visualize phenomena'.

“The issue of electron interactions is very
difficult and has been studied for five decades,”
states Takeshi Inagaki, who worked on the
study with colleague Yen Thi Hai Le at the
NAIST Graduate School of Materials Science.
“We needed a new way to tackle this problem.”

When light shines on an optically excited
semiconductor, electrons in the valence band
are excited to the conduction band, leaving

holes in the valence band. This process is anal-
ogous to the movement of electrons through
different energy bands in a hydrogen atom. As
the negatively-charged electrons move, Cou-
lomb’s law means they remain bound to their
positively-charged electron holes — creating
electron-hole pairs called excitons.

Inagaki and Le used numerical analysis to
examine three-dimensional electron systems
in cuprate semiconductors under terahertz
(THz) radiation. They were particularly
interested in electron interactions around the
exciton Mott transition; the point at which
electron-hole pairs disappear because the
density of the electrons and holes, and the
density of the ionized electronic plasma, have
reached certain critical levels.

“We developed a computer program to
calculate THz absorption spectra for different
exciton densities,” explains Inagaki. “NAIST
has a high-spec computing system which made
this job fairly straightforward.”

A previous experimental study had shown
that the spectral component left by electron

movements from the 1s to 2p energy band
remained the same regardless of exciton density.
'The researchers were able to explain this phe-
nomenon using their new theory.

They also found that the exciton Mott transi-
tion was clearly visible using THz radiation,
observing a sudden increase in the densities
of both the electronic plasma and the elec-
tron-hole pairs just before the spectra from
exciton structures abruptly disappeared. At a
certain level of jonization density, both excitons
and electronic plasma co-exist, the semiconduc-
tor becomes metallic and electric current flows.

“Understanding the nature of the system
near the exciton Mott transition is very
useful,” states Inagaki. “It will help us incor-
porate electron interaction effects into new,
low-energy devices.”

1. Le Y. T. H. & Inagaki, T. J. Density dependence of the
terahertz absorption spectra in optically excited semicon-
ductors. Physica Status Solidi B advance online publication,
25 November 2014 (doi: 10.1002/pssb.201451191).

More information about the group’s research can be found at the Theoretical Condensed Matter Physics Laboratory webpage:
http://mswebs.naist.jp/english/courses/ 1438/
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Biophysics

Detecting forces at
cellular scales

A platform for measuring nanoscale vibrations could help map the mechanics of cellular growth

and development

T hroughout the life of an organism, its
cells are continually moving, stretching
and reorganizing; accurate detection of
the forces underlying these processes could give
scientists deeper insights into many biological
processes. A highly sensitive measurement
system developed by researchers at NAIST

in Japan now makes it possible to precisely
detect such biomechanical movements at the
nanometre scale’.

€€we are developing a technology to
estimate the distribution of the me-
chanical properties throughout the
sample, which is impossible to do
by conventional methods. 99

Yoichiroh Hosokawa is an applied
physicist with a deep interest in exploring
the tiny forces that affect cell growth and
behaviour. “If we could successfully estimate
the distribution of mechanical forces in a
plant or animal embryo,” he says, “we could
combine this with microscopic imaging data

Femtosecond laser

to achieve new insights into biomechanics
and mechanobiology.”

In prior research, his group developed a
strategy for generating tiny forces by using the
extremely short but powerful pulses of light
produced by a femtosecond laser. By using
a microscope to focus these laser pulses into
water, Hosokawa’s team was able to generate
nanoscale explosions.

In subsequent work, Hosokawa and his
colleagues applied such femtosecond laser
explosions to produce external forces, which
they used to analyse the stiffness of a stem and
root of a plant (see figure). To do this, they
immobilized a segment of a thale cress plant in
water and focused a femtosecond laser pulse on
a point in the water some distance away from
the plant. The resulting explosion generated a
stress wave that spread outward from this focal
point and struck the plant stem. The movement
and deformation in the stem induced by the
impact of the stress wave was detected by an
atomic force microscope, whose curved silicon
probe (or ‘cantilever’) was placed in contact

with the surface of the stem. By analysing how
the probe bent, the researchers were able to de-
rive information about the stiffness of the plant.
This set-up allowed the researchers to detect
minuscule movements — equivalent to intro-
ducing a bend of less than one-thousandth of a
degree to the stem. Importantly, since the probe
that detects the force is separated from the source
of the physical stress, it becomes possible to do
much more sophisticated three-dimensional anal-
yses of how forces affect a biological specimen.
Such measurements could, for example,
help chart the internal forces at work as cells
divide and reorganize in a developing embryo.
“We are developing a technology to estimate
the distribution of the mechanical properties
throughout the sample, which is impossible to
do by conventional methods,” says Hosokawa.

Reference

1. Takenaka, M., Iino, T., Nagatani, A. & Hosokawa, Y.
Nanoscale bending movement of biological micro-ob-
ject induced by femtosecond laser impulse and its
detection by atomic force microscopy. Appl. Phys.
Express 7, 087002 (2014).
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An atomic force microscope (AFM) probe is positioned atop a plant root (left) immersed in water. An extremely short laser pulse targeted some distance away
creates a shockwave by heating and vaporizing water. The resulting vibrations in the plant root can be measured from the movement of the AFM probe (right).

More information about the group’s research can be found at the Laser Nano-Manipulation Science Laboratory website:
http://mswebs.naist.jp/english/courses/ 1447/
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Carbon nanotubes (CNTs) linked by protein molecules (blue) with a semiconducting core (purple). Orange arrows show electric current flow from hot to
cold CNTs. Red arrow indicates phonon scattering.

Semiconductors

Making waste heat
into energy

Combining carbon nanotubes and protein molecules produces electricity from low-temperature

heat sources
hermoelectric devices convert heat

I into electrical energy without the
need for moving parts, meaning they
are long-lasting, reliable and environmental-
ly-friendly. It is now even possible to harvest
energy from low-temperature waste heat, thanks
to advances in nanoscale components such as
carbon nanotubes.

Carbon nanotubes (CNTs) are strong, light
and excellent conductors of electricity, making
them promising candidates as thermoelectric
components. Their thermal conductivity when
in pure form, however, is too high. For this
reason, researchers at NAIST are working to
improve the thermoelectric properties of CNTs
for use in tiny power generators and even wear-
able electronics.

Effective thermoelectric devices require
materials with high electrical conductivity,
low thermal conductivity, and a high ‘See-
beck coefficient’ — the proportion of voltage
generated by temperature differences across the
material. The higher the coefficient, the better
the device performs.

Masakazu Nakamura and co-workers at the
NAIST Graduate School of Materials Science
developed a composite CNT material by insert-
ing biomolecules with semiconducting cores at
the junctions between CNTs!. The CNTs retain
high electrical conductivity, but the biomolecules
help suppress thermal conductivity and enhance
the Seebeck coeflicient.

“Conventional modifications to improve
thermoelectric properties in CN'Ts, such as
impurity doping, usually improve one or two
of these parameters,” explains Nakamura. “Our
proposed method controls the three parameters
independently, quite different from any previous
approach to thermoelectric materials design.”

The team’s main aim was to create a nano-
structure which blocks heat transfer but enhanc-
es electron mobility. To do this, they used the
unique functions of a cage-shaped protein mol-
ecule designed at another NAIST laboratory.

“Luckily, the ideal protein molecule for my
work had already been developed by a colleague,
so I neatly side-stepped one of the biggest
challenges in this study,” explains Nakamura.

“Peptides sticking out of the molecule’s
surface help the structure to self-assemble
with the CNTs. The soft shell of the molecule
prevents the heat transfer from one CNT to
another, while the semiconducting core helps
the electric current flow through the CNT
junctions effectively.”

Heat scattered at the biomolecular junc-
tions lowers the thermal conductivity of the
CNTs, and the steep temperature gradient
at the CN'T/molecule interface increases the
Seebeck coefficient. This combined effect
enhances the thermoelectric conversion effi-
ciency of the CNTs.

“We need various methods for energy har-
vesting in the future,” says Nakamura. “I want
to create thermoelectric stickers, thermoelec-
tric clothes — even walls should be able to
produce energy from waste heat.”

Reference

1. Ito, M., Okamoto, N., Abe, R., Kojima, H., Matsubara, R.
et al. Enhancement of thermoelectric properties of carbon
nanotube composites by inserting biomolecules at nano-
tube junctions. Applied Physics Express 7, 075102 (2014).

More information about the group’s research can be found at the Organic Electronics Laboratory webpage:
http://mswebs.naist.jp/LABs/greendevice/index_e.html
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Characterizing atomic

orbitals

Pulses of corkscrew-like X-rays prove useful for probing the properties of atomic orbitals

T he properties of a solid material depend
on the behaviour of its electrons:

some electrons are localized near the
nucleus, whereas others travel throughout the
crystal lattice. Researchers at Japan's NAIST
have now shown that an unusual property

of electromagnetic radiation can provide
previously unavailable information on these
valence band electrons, enabling more detailed
material characterization'.

An atom is made up a nucleus surrounded by
electrons. The outermost electrons, or valence
electrons, largely determine how an atom
interacts with molecules and other atoms. So it
is important to fully understand the properties
of these electrons.

“Copper is nonmagnetic, whereas nickel,
which has one less electron than copper,
is ferromagnetic,” says NAIST researcher
Fumihiko Matsui. “If we can selectively
excite a valence electron, then we can explore
the behaviour of key atomic orbitals respon-
sible for these electronic properties.”

To achieve this, Matsui and his colleagues
from NAIST’s Green Nanosystem Labora-
tory and the Japan Synchrotron Radiation
Research Institute have applied their original
method called atomic stereography. In this
technique, X-ray pulses provide the energy
needed for an electron near the core of an
atom to escape from its nucleus. The X-rays
used by the team have a property known

--[010]

Corkscrew-like X-rays (red) enable electrons to escape from the surface of copper at various angles.

as angular momentum, which gives them a
corkscrew-like shape. This angular momen-
tum is transferred to the escaping photoelec-
tron. By measuring the kinetic energy and
emission angle of these photoelectrons, the
researchers can build a ‘stereograph’ of the
atomic arrangement around the excited atom.

€€ Our aim is to take out valence
electrons from a crystal surface
and study the property of the
newly created excited state.99

Further electrons, known as Auger elec-
trons, can also escape from the atom as the
electrons shuffle around to fill the gap left
at the core. Measuring the energy of these
Auger electrons can provide further informa-
tion about the material’s electronic structure.
Matsui and his co-workers have now shown
that, contrary to expectation, Auger electrons
can also have angular momentum.

Matsui’s team fired a corkscrew-like beam
of X-rays at a copper sample and measured
the angular distribution of the emitted
Auger electrons. From these maps, they were
able to identify the non-negligible circu-
lar properties of the Auger electron. This
observation suggests that the hole left behind
by the photoexcited core electron is slightly
angular-momentum polarized, which is then
passed on to the Auger electron.

“Our aim is to take out valence electrons
from a crystal surface and study the property
of the newly created excited state,” says
Matsui. “By combining Auger electron
measurement and atomic stereography,
we have developed a new technology that
enables such physics.”

Reference

1. Matsui, E, Fyjita, M., Ohta, T., Maejima, N.,
Matsui, H. et al. Selective detection of angular-mo-
mentum-polarized Auger electrons by atomic
stereography. Physical Review Letters 114,

015501 (2015).

More information about the group’s research can be found at the Green Nanosystem Laboratory webpage:
http://mswebs.naist.jp/LABs/matui/index-e.html

NAIST Research Highlights

69



70

Materials Science

Nara Institute of Science and Technology | Nanomaterials and Polymer Chemistry Laboratory

www.naist.jp/en

Block copolymer films are promising candidates for stent coatings for controlled drug release.

Polymer chemistry

Switchable surface
wettability

Switchable spin-coated surfaces hold promise for controlled drug release in medical applications

c ontrolled drug release is essential for
a range of medical treatments, from
contraceptive implants to chemother-
apy and vaccinations, and a popular option

is the use of drug-eluting stents (see figure).
The key to this controlled release is being able
to manipulate the surface characteristics of
the stent coatings — namely, their wettability
and degradability.

Hiroharu Ajiro, formerly of Osaka Universi-
ty, now leading the Nanomaterials and Polymer
Chemistry Laboratory at Japan's NAIST,
investigated different block copolymer films
to see which afforded ‘switchable’ wettability
(transitioning between hydrophilic and hydro-
phobic behaviour) and slow degradability.

Block copolymers are large polymer chains
consisting of ‘blocks’ of simpler polymers. Ajiro
and colleagues decided to focus on spin-coated
films consisting of block copolymers of L-lac-
tide (LA) and trimethylene carbonate (TMC)
derivatives with methoxyethyl groups. They
then systematically investigated the surface
structural control of their films using contact

angle measurements, X-ray photoelectron spec-
troscopy and degradation behaviour analysis.
‘There were some challenges that the research-
ers had to overcome to fabricate these coatings,
including designing the monomers and syn-
thesizing the polymers to use as ‘blocks’. Ajiro
emphasizes that it was particularly important to
attain a balance, “both between the hydrophilic
and hydrophobic properties, and between the
soft and hard domains of the polymers.”
Ultimately the researchers prevailed, produc-
ing controllable coatings based on poly(TMC)
and poly(LA) — with contact angle meas-
urements showing dynamic changes between
hydrophobicity and hydrophilicity’. The films
were tested in two different solvents: water and
hexane, exhibiting hydrophilic and hydrophobic
behaviour, respectively. This switchable wetta-
bility is believed to be due to the interactions
in the copolymer between the TMC polymer
main chain and the methoxyethyl functional
groups — the reorientation of the copolymer
making different moieties aggregate on the
surface, thereby influencing its wettability.

Understanding the degradation of the films
is of particular importance for biomedical
applications: the time the film takes to break
down must be appropriate for its intended use.
Ajiro’s team compared the degradation speed
of amorphous and crystalline poly(LA) films to
their coating, and found that the degradation
was markedly slower for the crystallized block
copolymer film — making it a much more
appropriate coating for long-term drug release.

Ajiro, who is also a researcher with the
Precursory Research for Embryonic Science
and Technology (PRESTO) programme of the
Japan Science and Technology Agency, notes
that these films hold great promise for a range
of applications, not just in the medical field but
for anything that requires “a switchable coating
surface without degradation conditions.”

Reference

1. Ajiro, H., Takahashi, Y., Akashi, M. & Fujiwara, T.
Surface control of hydrophilicity and degradability
with block copolymers composed of lactide and cyclic
carbonate bearing methoxyethoxyl groups. Polymer
55, 3591-3598 (2014).

More information about the group’s research can be found at the Nanomaterials and Polymer Chemistry Laboratory webpage:
http://mswebs.naist.jp/english/courses/ 1844/
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NAIST is located in [koma City, in Japan's
historic Nara Prefecture. Home of the first
official capital of Japan, Nara Prefecture has
an incredibly rich history as a center for
international trade and relations. In addition
to its prolific ancient heritage, Nara
Prefecture is also conveniently located in
close proximity to Kyoto and Osaka, and just
90 minutes from Kansai International Airport.
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* Molecular Biology & Genetics
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Cover story

Researchers at NAIST
unraveled the functions of
genes responsible for wood
development expressed in
mosses (P. patens). These
results will provide versatile
tools for manipulating plant
biomass. [p30]

The illustration on the cover is a traditional Japanese lighting tool
called a “tourou” (lantern), a lampshade protecting its flame from
the wind. Introduced to Japan together with Buddhism, the tourou
entered a massive production period around the Nara era
(A.D.710-794). This traditional Nara craft illuminated the night with a
jumping flame and led to the discovery of a new world.
Researchers at NAIST value all local customs and practices
nurtured in the ancient capital of Nara and continue to uncover new
topics while working tirelessly to identify solutions to any and all
challenges that may arise.
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