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2025-1%

2025-23%

2025-33%

2025-43%

2025-5

2025-6

2025-7

JERE
2025-8 X

2025-93%

2025-103%

2025-113%

2025-123%

2025-13 %

2025-14 3%

2025-153%

2025-16%

2025-17 %

X [EERI FIAH

Development of high sensitive x-ray spectrometer using microcapillary
Ecole Polytechnique Michel Koenig
Development of energy sensitive muon spin rotation (muSR) spectrometer 111
RIKEN Ma, Yue
Multi-particle Imager for Next-Generation Exotic Atom Spectroscopy
KEK Sohtaro KANDA
Clarification of the mechanism of dose rate dependence on the enhancement of
biological effectiveness by gold nanoparticles
QST Tamon KUSUMOTO
Development of real-time dosimeter for ultra-high dose-rate irradiation (FLASH)
Masayori Ishikawa Hokkaido University
IRNR= R T L —Z DFSE &+ B — b2 7o MEERTn
FHRE: A
Biochemical Phenomena of FLASH Irradiation of Three-Dimensional Oral
Cancer Models
Okayama University Kazuyo Igawa

On the mechanism of the C-H bond activation of hydrocarbons catalyzed by a
[Ni H,(P'Bus),] cluster
Chalmers University of Technology W. M. C. Sameera
Mechanistic investigations into CO, to CH, conversion catalyzed by a
[Mo;S,Fe] clusters
Yilin Hu University of California, Irvine
Half-sandwich Rh Complexes Having Bulky Cp Ligand toward Borylation
Catalyst of Inert Hydrocarbons
Universiti Teknologi Malaysia Mohamad Shazwan Shah Jamil
High-performance Fe-perovskites as oxygen electrodes for solid oxide fuel
cells (SOFCs)
Complutense University of Madrid Susana Garcia-Martin
Synthesis and physical properties research of new transition metal compounds
with mixed-anions
Chinese Academy of Sciences Haichuan Guo
Photocatalytic C-H Silylation under visible-light enabled Fe-catalysis
VISVA-BHARATI UNIVERSITY ALAKANANDA HAJRA
Computational Study on Lignin Degradation Reaction in Woody Plant Cell Walls
Chalmers University of Technology W. M. C. Sameera
Development of Efficient Mixed Sn and Pb-based Perovskite Photovoltaics
University of Valencia  Silver-Hamill Turren-Cruz
Functionalization of liver organoids from human pluripotent stem cells by using
THz waves
New York University Abu Dhabi  Kenichiro Kamei
Spin-wave excitation of van der Waals magnetic semiconductors by intense
terahertz magnetic field pulses
Columbia University Taketo Handa
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2025-18

2025-19

2025-20

2025-21

2025-22

2025-23

2025-24

ErBEBHEEZFA LT &8 7 7 A & — o EiEMEAL
FOLRHERS: Ui LK
Development of Novel Planar-Chiral Ferrocenylphosphine Ligands Based on
the Restricted Cp-Fe-Cp Rotation: phase 2
Masamichi Ogasawara Tokushima University
N7 =T A b ORIV 2 FENC & 2 U R
R BE%E
B LRSE B A
Development of nickel cluster catalysts for highly selective functionalization
Yokohama National University Ayako Taketoshi
Spin control by high-power THz pulse in orthoferrite
Osaka University Hiroshi Watanabe
Investigation on microscopic mechanism of light-induced anomalous Hall
effects
Tohoku University ~ Shunsuke Sato
High-harmonic generation in magnonic systems with topological edge states
Hokkaido University Hideaki Obuse

I3 TS

2025-253%

2025-26 %

2025-27 3%

2025-283%

2025-29 %

2025-30

2025-31

2025-32

2025-33

2025-34

2025-35

X EBRIEFEAA -

Integrating omics data and module-based network with deep learning to
develop cancer type predictive models
National Yang Ming Chiao Tung University Jinn-Moon Yang
Developing machine learning approaches for prediction of protein stability
changes upon missense mutations
Monash University Jiangning Song
Marine giant viruses functional profiling
CEA/Genoscope Eric Pelletier
Dynamics of marine plankton cell lysis as revealed by field observation and
mathematical modeling
CNRS David Demory
A Study on Optimal Transport for Learning with Graph Structured Data
Hokkaido University DAI HAI NGUYEN
BETHERICB T 2REET —# LV a b— a3 URERO SR
Hr
AR mik &z
Control and Analysis of Complex Networks via Probabilistic Minimum
Dominating Sets
Toho University Jose Nacher
BRI T A NV AFRE G L2 Y AV 25550 — )V DB
TBTERTTEPH e I AT BT
Elucidation of host-giant virus interaction using transcriptomics of giant virus-
infected acanthamoeba cells
Tokyo University of Science Masaharu Takemura
WPERAEAM T C) o F 2T ) DTELHaTUANVA [IVRAT A
IVA ] DERFR

B & D VEAR O AW 5 D LT
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2025-363%

2025-37 3%

2025-38 %

2025-39 %

2025-40%

2025-41 3%

2025-42 3%

2025-43

2025-44
2025-45

2025-46

2025-47
2025-48
2025-49
2025-50

BG5BT
2025-513%

2025-52 %

2025-53 %%

X [EBRIEFA

Fabrication of cellulose nanofiber/polymer monolith composite materials with
3D cell structures
University of Bristol Steve Eichhorn
Synthesis of Wide-Surface Molecular Nanocarbons
Inner Mongolia University CHAOLUMEN
Exploration of aromatic-ring homologue of benzo[c]furan with guanidine
functionality
Rudjer Boskovic Institute MARGETIC, Davor
Advancing Molecular-Surgery Method for Expansion of Endohedral Fullerenes
towards Novel Applications
Sungkyunkwan University IL JEON
Elucidation of the mechanism of troponoid-mediated controlled radical
polymerization
National Taiwan University Chi-How Peng
Exploration of perovskite solar cell composition: Correlating device
performance and fundamental property
Sungkyunkwan University Hyunjung Shin
Perovskite Device Engineering with Cross-linkable Hole Transport Materials
CSIR-NIIST JOSHY JOSEPH
Synthesis of borane-functionalized azulene derivative, and the relationship
between the aggregation state and color
Suzuka University of Medical Science Shigeharu Wakabayashi
e 54 WAL 0D B 5
FO L EHHER S MU = BB
Development of novel chiral silica based on controlling of hierarchical structure
Osaka Institute of Technology Tomoyasu Hirai
A& 0 TR D KR AU BT O fESL & FPEF-BEELIC K D @ik E D
i o]
FALKREE i) SA4E
WRIER IR T DA r—RF ) 7 7 A S— ORI E
TUNRE: R EE
7T KL T EREE I 1T 2 B 11 [FHEFE OB S 8O B A HI
BREE SRS W GAE
BATEAC X 2 2R ITIA FE B VEABARIE IR O R 78 plUlR
REERE K B
mWERUSER AR L 7onBUGH 4R 181K D B
RBRT3ERS: A H B

Resolving Pre-GOE Oxygen Whiffs and Post-GOE Redox State of
Paleoproterozoic Oceans through Mo and W isotope Analyses of Sedimentary
Rocks of the Dharwar Craton
Birbal Sahni Institute of Palaeosciences Gurumurthy GP
Trace metal elemental and isotopic composition in the North Pacific Ocean: the
roles of aerosol deposition
Academia Sinica HO, Tung-Yuan
Chain orientation in single electrospun fibers: diameter dependence and
correlation with mechanical properties
National Cheng Kung University Chi Wang
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2025-54 3%

2025-553%

2025-56 %

2025-57 %

2025-58

2025-59

2025-60

2025-61

2025-62

2025-63

2025-64

2025-65

2025-66

Imaging of block copolymer morphology with small angle x-ray scattering
Argonne National Laboratory Byeongdu Lee
Elucidation of anti-stokes shifted photoluminescence from lead-based halide
perovskite
RMIT University Yasuhiro Tachibana
Investigation of molecule arrangements in artificially abrupted self-assembled
monolayers with surface specific spectroscopy techniques
National Taiwan University Wei-Ssu Liao
Nonlinear Rheology of Dynamically Associative lonomers
Chinese Academy of Sciences Quan Chen
Stoichiometry of biologically active trace metals in Osaka Bay and its
inflowing rivers (3)
Kindai University Yuzuru Nakaguchi
Separation and concentration of rare metals by a liquid membrane transport
method using ionic liquid
Kyoto University of Education Hiroshi Mukai
Wy BN« /N« IRAXBBELEIC L D2 T 5 H 7 0 T — D58
BRIV
RS P AERRR
TITRE=y 7 BT SR RENT D 7o OB ERAITREF ORESE
JeifEiE R AR G
Structure analysis of liquid crystalline organic thin films
Tohoku University  Shingo Maruyama
Study on crystalline structure and transistor characteristics of liquid crystalline
organic semiconductors
Institute of Science Tokyo Hiroaki lino
Relationship between primary structure of partially fluorinated phospholipids
and membrane properties
Gunma University Takafumi Shimoaka
Identification of bioactive gibberellins in the liverwort Marchantia polymorpha
Kyoto University Yoshihiro Yoshitake
ERBLOVIab—va VLR BE VRO TFOIA T I 7 A
DiffE—BIFRHT
BPRKY: Pk i

BrEHR - A br=27 250

2025-67 %

2025-68 %

2025-69 %

2025-70%

2025-71

X EBRIEFEAA -

Exploring Spin Wave Dynamics: From Doppler Effects to Magnonic Black-
Hole Analogues
Korea Advanced Institute of Science and Technology Kab-Jin Kim
Possible Quantum Origin of Unusual Magnetoresistance in Thin-Film Magnetic
Metals
Virginia Tech ~ Satoru Emori
Research on Magnetic Octupoles in Non-Collinear Antiferromagnets
University of Ulsan  Sanghoon Kim
Research on high-sensitive quantum sensor with high quality diamond
Stuttgart University Jorg Wrachtrup
Visualization of magnetization vector using magneto-thermo and magneto-
optical effects
Institute of Science Tokyo Kihiro Yamada
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2025-72

2025-73

2025-74

2025-75

A EmT

2025-76 %

2025-77 3%

2025-78 %

2025-79 3%

2025-80 %

2025-81 %

2025-823%

2025-83 %

2025-84

2025-85

2025-86

2025-87

2025-88

2025-89

Study on generation of spin-polarized current using insulating ferrite films
Nagoya Institute of Technology Masaaki Tanaka
Research on heat transport mechanism of MgO | Co-Fe-B structure
Tokyo University of Science Minori Goto
BETAEY hu=7 ADOD T A YT NHERMEHTE
BRRTE fEE Bk
BV ORKRERDTZDDY o F—=T2 A ¥ FERAF%
PEFETLAMTIR A HITERT B R
YT AT
Research on the efficient color centers creation in nanodiamond for bio-application
ETH Ziirich Takuya F. Segawa
Synthesis of Pyrene-based Materials with Diradical Character
Memorial University of Newfoundland Graham J. Bodwell
Investigation of geometric magnetic frustrated materials with structure design
and high-pressure synthesis
National Taiwan University Wei-Tin Chen
Development of solution-processable multi-resonant TADF emitters
University of St Andrews Eli Zysman-Colman
Design of novel organic emitters for highly efficient OLED: Theory meets
Synthesis
University of Parma  Francesco Di Maiolo
Synthesis of higher acene derivatives and the evaluation of their singlet-fission
properties
CRPP-CNRS  Andrej Jancarik
Modelling, design and synthesis of chiral dyes for CISS and CPL
University of Parma Dang Khoa Andrea Phan Huu
High-Performance Solution-State Light-Emitting Devices through Excimer-
Formation
University of Cologne Malte Gather
BB B A~OISHIZ T 2T # A Y E 2 FERE
BRI ERR S TR BETR
Elucidation of electronic state for bis-homo in-plane aromatic molecules
Hiroshima University Eiichi Kayahara
BRI 7 B SRABEAMEL DB R & B IR R T DO 1ER
FIRRY: B SR
[E{ANMR & EDMR - ODMRDEHEIZ 1 5 FE+ « IEFLKF O 2B b7
ALK AR T b
Visualization and Analysis of Cellular Phase-Separating Proteins
Osaka University Kazuya Kikuchi
HR-MASiEz W ORI 7 e 7 7 4 U 7
SRS ARED ffizs

%%T%”iﬂﬁn

2025-90 %

2025-91 3%

2025-923%

X [EERI FIAH

Chemical Genetics of XZA-1
Fudan University Lu Zhou
Exploration and Analysis of Fluorescent Probes for Biomolecular Condensates
POSTECH Young-Tae Chang
Synthetic and Functional Investigation of Arvenin I
Peking University Xiaoguang Lei
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2025-93 %

2025-94 3%

2025-95%

2025-96 3%

2025-97 3%

2025-98 %

2025-99 %

2025-100 %

2025-101 >

2025-102 3%

2025-103 >

2025-104 3

2025-105 %

2025-106 %

2025-107

2025-108 >

2025-109 %

2025-1103%

2025-1113%

2025-1123%

X EBRIEFEAA -

Biogenesis, functions, and application of bacterial extracellular membrane vesicles
Kunming University of Science and Technology Wei Yunlin
Structural and functional analysis of the surface polysaccharides of outer
membrane vesicles released by bacteria
University of Naples Federico I Maria Michela Corsaro
Exploration of useful bacteria for nanobiotechnology
UC San Diego Douglas Bartlett
Recycling of polymer-matrix composites by subcritical/supercritical water I
Stony Brook University Maya Endoh
Synthesis and Tribological Applications of Polyether-Brush-Coated Particles
Osaka Metropolitan University Kohji Ohno
Real-time observation of self-assembly and phase transformation of nanocrystals
Ulsan National Institute of Science and Technology Oh-Hoon Kwon
Ultrafast measurement of relativistic laser-generated plasma
National Institute for Fusion Science Masato Ota
Search for four-wave-mixing in the vacuum - Unveiling dark components in
the Universe -
Hiroshima University Kensuke Homma
Flow Chemistry for the investigation of sustainable cyclisation conditions
Cardiff University Thomas Wirth
Synthesis and characterization of raw and polymerized Asian lacquer samples:
towards the development of a comprehensive collection of lacquer reference
samples for materials science and conservations studies
University of Pisa llaria BONADUCE
DNA-binding properties of chemically modified homeoproteins
Sorbonne University Fabienne Burlina
Analysis of intracellular delivery mechanism of nanomedicine
Institute for Advanced Chemistry of Catalonia  Silvia PUJALS
Visualizing RNA Editing in Action: Developing Single-Molecule Resolution
Techniques for Live Cells
Colorado State University Tim Stasevich
Molecular mechanisms for the inactivation of a growth hormone in rice
Chinese Academy of Sciences Zuhua He
Identification of biosynthetic genes for a novel signaling molecule that
modulates plant development
University of California, Riverside David C. Nelson
Analysis of novel transporters for strigolactones or their biosynthetic intermediates
University of California San Diego  Yunde Zhao
Cycloparaphenylene/Fullerenes Supramolecular Complexes in Chiroptical
Applications
Univeristy of Oxford Matthew J. Fuchter
Synthesis and Electrocatalysis of Hetero-Metal Porphyrin(2.1.2.1) Arrays
Jiangsu University Songlin Xue
Vacuum-deposited Perovskite Optoelectronic Devices with Advanced Hole-
selection Materials
National Tsing Hua University Hao-Wu Lin
Elucidating molecular functions of plant hormones in light-responsive
morphological plasticity in Arabidopsis thaliana
University of Toronto NAMBARA, Eiji
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2025-1133% Imaging analysis of zinc transporter and lipid kinase-associated pollen vesicle
transport
Georg-August-Universitit Gottingen KAWACHI-REUSCHER, Miki 113
2025-1143< Crossroads of proteostasis and RNA processing in Arabidopsis
photomorphogenesis
National Center of Biotechnolog RUBIO, Vicente 114
2025-115  Development of Covalent Small Molecules That Potentiates Antitumor Immunity
Fukushima Medical School Misao Takemoto 115
2025-116  Machine-Learning Prediction of Self-Assembly Compounds
Kyoto University Daniel Packwood 116
2025-117  Analysis and application of the physiological functions of extracellular vesicles
secreted by intestinal bacteria
Kansai University Shino Yamasaki 117
2025-118  Analysis of membrane lipid-dependent fermentation stress response in acetic
acid bacteria
Ritsumeikan University  Yosuke Toyotake 118
B BEE T K % A TSR o ik oD A Ak
RERASRF T FHFMER A /I 119
2025-120 3DV v T 4 v 7 Pl i3k b 2 U A&
TR A R 120
2025-121 B FA U SZBIEVME EEIRT ) T L — b O L F L ORI
FRBERY: B & 121
2025-122 KL — Y —LEE 2RI U 7o BTG O M - BLFEER & R

it

2025-119  IRIEEIR AR 2 O 72

7L DOREEE
R NH ez 122
2025-123  @IRE L —Y — LHREE Y — 7y P EOHAERIZ X DKE - RV E
B G AN 77 X~ ARl & FEFN » BIA OB FR D FRFE

TSR JFA 280 123
2025-124  On demand design of peptides targeting RNA structures
Konan University Tamaki Endoh 124
2025-125 A v 7 V= b X2 K DM ~OBREME T T Rk
RIASIRE: il A2 125
2025-126  Identification of novel strigolactone biosynthetic inhibitors
Meiji University Yoshiya Seto 126
2025-127  fREFEMEREI RV ARGy AT K D AR IS O i AT
IKERTE: UREE KRG 127
2025-128  E TEEMENIET D &0 @5y 1 D ZEE)
fAIFRY: W% 128
2025-129 SIS 1 R 4y DR AINE I O & fcii (b
HALRY: il # 129
2025-130  Regulatory mechanisms of vegetative reproduction in response to
environmental cues
Yamato University Shiori S Aki 130
2025-131  Biochemical characterization of aldehyde dehydrogenases involved in the
biosynthesis of plant volatile benzenoids
Yamaguchi University Takao Koeduka 131
HHE - S etE R AL [F T
2025-1323% The 18th International Workshop for East Asian Young Rheologists
University of Osaka Tadashi Inoue 132
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2025-133%

2025-134 3%

2025-1353%

2025-136 %

2025-137

2025-138

2025-139

2025-140

2025-141

X EBRIEFEAA -

High pressure synthesis of new Rh based quantum materials
University of Edinburgh  Sean Dusan Alexander Injac 134
Atomic Structure Investigation by Advanced Transmission Electron
Microscopy of AlxCrFeNiCu Alloys
Burapha University Natthaphol CHOMSAENG 135
Tackling Plasmon Dispersions in Quantum Matters by Momentum-Resolved
Electron-Energy Loss Spectroscopy
National Taiwan University Ming-Wen Chu 136
Nano-structural and Atomic-resolution Characterization on the Local Structure
of Novel Functional Energy Materials by Advanced Transmission Electron
Microscopy
Chiang Mai University Thapanee SARAKONSRI 137
L— —BRE) A A A I LD @i E R A A B DR D T2
D L —H— W Sl D F Ak
B PR EANI TR SRS /R SeBl 138
A FAREMRAE S OB IRAUCF 0 B iR b e L W E A2 D &
L 7= B &M it
RREFSIER KT RE & 139
Theoretical design of low-dimensional silicon material embedded in a flat
two-dimensional sheet and exploration for operating principles
Tohoku University Masae Takahashi 140
13IRILFR KM DB R & oy F-HE IS DR
IR fnfe w141
Cs4PbBrellsi~ 0D 7 TSI & 2 CsPhBry 7/ il Ak
JUHIERS: Filk Ot 142
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2. ERFER. YURSOL - ARBER

RO T = ' X TIRE S O W ST RTRR 143
+ NIMS AWARD Post Symposium 145
* International Symposium on Atomic Level Characterizations
for New Materials and Devices in Winter 2026(ALC-W’ 26) 146
3. BEHXKREX 147

FHMBEIAFTITTHTSNIMN T, FH2-—FHM6 FEOMRBEEITHHSATLEVLD)
HMBOHEICLY . *EAFFR/mIDAZDONT, BIRY EXBESICEEHT D,

1)* Direct observation of cation-dependent polarisation switching dynamics in fluorite ferroelectrics,
Nat. Commun., 17, 2660 (2026).

2)* A giant virus forms a specialized subcellular environment within its amoeba host for efficient
translation, Nat. Microbiol., 11, 584-596 (2026).

3) Catalytic Photooxygenation Demonstrates Therapeutic Efficacy in Transthyretin Amyloidosis, J.
Am. Chem. Soc., 147, 28860-28874 (2025).

4) Time resolution of terahertz scanning tunneling microscopy measurements inside a superconducting
magnet using a hollow waveguide, Rev. Sci. Instrum., 96, 043004 (2025).

5) Synthesis of wave-shaped Cu(ii) porphyrin arrays and their electrocatalytic hydrogen evolution
activity, Chem. Sci., 16, 22498-22503 (2025).

6) Synthesis of an Oxo-Bridged Fe(Ill) Porphyrin(2.1.2.1) Dimer and Its Enhanced Electrocatalytic
Oxygen Evolution, Inorg. Chem., 64, 22262-22268 (2025).

7) Synthesis of C62N Containing a Heptagon, Org. Lett., 27, 8685-8689 (2025).

8) Spin-Dependent Exciton Transport and Effective Negative Diffusion in Thermally Activated
Delayed Fluorescence Crystals, J. Phys. Chem. Lett., 16, 11074-11080 (2025).

9) Live-Cell Monitoring and Omics Analysis of Liquid-Solid Transitions of Biomolecular Condensates,
J. Am. Chem. Soc., 147, 37056-37064 (2025).

10) Light-Induced SO Extrusion from Tribenzothiepine S-oxides: A Precursor Approach to the
Triphenylene Core, Chem. Eur. J., 31, 02655 (2025).

11) Hyperbranched Poly(octadecyl Acrylate)s as Lubricant Additive Studied by Resonance Shear
Measurement, Langmuir, 42,509-516 (2026).

12) Discovery of a self-assembling small molecule that sequesters RNA-binding proteins, Chin. Chem.
Lett., 36, 110135 (2025).

13) A 2 nm Molecular Ladder with a Twisted Backbone, Org. Lett., 27, 8365-8369 (2025).
14) 7 -Extended 1,1” -Binaphthyl with Fused Pentagons, Org. Lett., 27, 8969-8973 (2025).

15) 1,6-Disila[4.4.4]propellane revisited part 1: improved synthesis by a mechanistically logical
fluorosilane route and its structural aspects including linear stacking along the Si-Si bond in the
crystalline state, Bull. Chem. Soc. Japan, 99, uoaf119 (2026).

16) Face-to-Face Helical Columns with Permanent Polarity Consisting of Homochiral End-
Functionalized Helicenes, J. Am. Chem. Soc., 147, 25978-25989 (2025).

17) Controlling CsPbCl3 Nanocuboid Size and Photoluminescence Quantum Yield with Hot-Injection
Reaction Conditions, J. Photopolym. Sci. Technol., 38, 369-375 (2025).

_iX_



18) Air-Stable 2,2" -Azobispyridine Radical-Boron Complexes and Their Near-Infrared Absorption
Properties, Chem. - Eur. J., 32, 03525 (2026).

19) A multi-resonant thermally activated delayed fluorescence emitter with a twisted second-generation
carbazole dendron showing suppressed concentration quenching and its use in solution-processed
organic light-emitting diodes, Org. Chem. Front., 12, 3279-3287 (2025).

20) Organophotoredox-Catalyzed Postfunctionalization of Poly(methacrylate) Derivatives via Radical-
Polar Crossover Phosphonylation, Angew. Chem., Int. Ed., 64, 202507572 (2025).

21) Homogenized Optoelectronic Properties in Perovskites: Achieving High-Efficiency Solar Cells
with Common Chloride Additives, J. Am. Chem. Soc., 148, 6229-6237 (2026).

22) Accessing Metal-Containing Species in Tin-Lead Perovskite Precursor Solutions via Molecular
Strategies Guided by the Hard-Soft Acid-Base Principle, Angew. Chem., Int. Ed., 137, €202514010
(2025).

23) Carbenes Embedded in Cyclic Paraphenylenes: Detection, Ground-State Spin Multiplicity, and
Mobius Aromaticity, J. Am. Chem. Soc., 148, 6544-6550 (2026).

24) Kinetic resolution of racemic planar-chiral vinylcymantrenes by molybdenum-catalyzed
asymmetric metathesis dimerization, Beilstein J. Org. Chem., 22, 568-574 (2026).

25) Direct observation of cation-dependent polarisation switching dynamics in fluorite ferroelectrics,
Nat. Commun., 17, 2660 (2026).

25) w -Truncation of a Parent Nanographene: Chirally Twisted Green Fluorophores, Org. Lett., 27,
7009-7013 (2025).
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Development of high sensitive x-ray spectrometer using microcapillary

Michel Koenig Ecole Polytechnique

Objectives

The primary objective of this joint research project was the development and implementation of a
high-sensitivity X-ray spectrometer utilizing polycapillary optics. The specific goals for the facility
time at the Ingtitute for Chemical Research included establishing alignment methods for the
polycapillary using the T6 laser's plasma X-ray source, evaluating far-field image quality, and
ng temporal pulse broadening.

Spectrometer Design and Experimental M ethods

Duetologistical constraints preventing the arrival of the polycapillary optics, the methodology pivoted
to the theoretical design of the spectrometer and critical baseline diagnostic characterization. For the
T6 environment, aspatial characterization layout was designed to measure the capillary output directly,
establishing a fixed 200 mm source-to-optic distance and a variable optic-to-detector translation axis
to empirically map X-ray divergence and intensity scaling.

CuTi target

RN, % — N
=L |

Variabile ¥ distance 200men ¥
Figure 1: (a) Schematic of the T6 target chamber layout for spatial characterization, illustrating the fixed 200 mm
source distance and the variable detector axis to evaluate polycapillary divergence. (b) Baseline experimental data:
Pinhole image captured via X-ray streak camera, characterizing the bare plasma source emission

In December 2025, the research team established the required baseline environment at the T6 facility.
Consumable funding was utilized to procure copper and aluminum foils for target testing. The target
chamber was configured, requiring physical adaptations to utilize the alignment device within spatial
congtraints. An X-ray CCD camera coupled with a pinhole was installed, and data acquisition was
established. Subsequently, a CCD-coupled spectrometer utilizing a Beryllium window and an RbAP
crystal was mounted to observe the bare target spectrum and evaluate ambient background noise.
Physical measurements of the chamber ports were conducted to finalize the integration geometry for
the delayed polycapillary device.

Outcomes and Analysis

The deployment of the secondary diagnostics yielded the required baseline data. The X SC and pinhole
setup successfully detected signals and established proper spot size characterization of the bare plasma
source, verifying the diagnostic timing and spatial alignment.

The CCD spectrometer encountered operational issues; despite rigorous troubleshooting, realignment
of the RbAP crystal geometry, and comparison with historical data, the setup faled to yield a
resolvable image. Documenting this zero-signal failure provides a necessary baseline, indicating that
the baseline X-ray flux or the specific interaction geometry in the T6 chamber requires the high-
efficiency throughput and focused spatial profile of the proposed polycapillary optic to achieve a
viable signal-to-noise ratio. The theoretical design framework confirms that the extremely low
divergence of the transmitted X-rayswill overcome these flux limitations in future experimental runs.

Publications
No publications or presentations have resulted from this preparatory phase of the project.
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Development of energy sensitive muon spin rotation (muSR)
spectrometer 111

Yue MA RIKEN

Research Purpose

Muon spin rotation (muSR) is a powerful technique to probe local magnetic fields in
materials using the spin precession of implanted muons. The measurement relies on the
correlation between the muon spin direction and the emission angle of decay positrons,
higher-energy positrons provide a stronger correlation and thus a cleaner asymmetry
signal. Conventional muSR spectrometers typically lack positron energy information,
limiting the achievable resolution. Our project develops an energy-sensitive muSR
spectrometer based on PbG Cherenkov calorimetry to measure positron energy and to
improve the muSR time-spectrum (A(t)) resolution via energy selection.

Progress in FY2025

Our JPARC MLF Genera Use proposal for an energy-sensitive muSR validation
experiment was accepted with high priority (experiment number: 2025B0007), and the
beamtime is scheduled for late February 2026. Owning to the support from KAKEN
budget, manufacturing of the PbG calorimeter crystals has been completed. The detector
modules are ready for integration (mechanics, PMT coupling, and DAQ) toward the
February 2026 beamtime. In addition, we completed a detailed end-to-end simul ation and
obtained results consistent with the detector concept, indicating an expected ~20%
improvement in MuSR resolution with positron energy selection.

Outlook and Summary

We will perform the world first
' energy sensitive muSR experiment at
PbG the JPARC MLF S1 muon beamline
calorimeter | during Feb. 25"~26". Polarized
surface muons will be implanted into
a standard Ag sample with 50 Gaus
external magnetic field, and decay
positrons will be detected by two PbG
PbG Cherenkov calorimeter sectors as
calorimeter illustrated in Fig. 1. A reference
measurement using a conventional
Figure 1, Schematic setup for energy sensitive plastic scintillator with the same
muSR at [-PARC MLF. readout chain will be conducted to
benchmark the gain from energy
selection. Full PMT waveforms will be digitized (500 MS/s) and analyzed offline to
reconstruct positron energy and timing (including CFD), select high-energy positrons (E
> 30 MeV), and quantify the improvement in A(t) resolution relative to the baseline.

polarized u* beam
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Multi-particle Imager for Next-Gener ation Exotic Atom Spectroscopy
Sohtaro Kanda KEK

Obj ectives Precision measurements of exotic atoms, such as muonium and antihydrogen,
provide stringent tests of the Standard Model and fundamental symmetries. However, the
statistical precision of these experiments is often limited by the low detection efficiency
of signal particles, typically vacuum ultraviolet (VUV) photons or low-energy charged
particles. The objective of this project isto develop and characterize a new multi-particle
imager that simultaneously achieves high detection efficiency and position sensitivity for
both VUV photons and charged particles. This device combines a tapered microchannel
plate (T-MCP) with aresistive anode encoder (RAE).
Experimental Methods To validate the imaging
capability, we constructed a prototype detector using
aMCP stack coupled with an RAE. A beam test was
conducted using the Kyoto Electron Linac (KEL) at
the Institute for Chemica Research (ICR), with the
operational support of our ICR partner researcher,
Prof. Kyo Tsukada. The prototype was installed
inside a vacuum chamber, and a pulsed electron
beam wasiirradiated (Fig. 1).

Outcomes The electron beam was successfully :
imaged using the prototype detector at the KEL 05 :_ow (1,
beamline (Fig. 2). The 2D position of the incident [ 'g‘

>"1'_

electrons was reconstructed via the charge centroid _
method using the integrated charge from the four -0.5¢
corners of the RAE. _15_ .
Analysis The full width at half maximum (FWHM) S e cans - e
of the reconstructed position distribution Was gigyre 2: Electron image. the %
approximately 7.4 mm. This beam spread is conversion factor fromthe

. ith . h . normalized coordinate to the physical
consistent with our expectations when accounting o ivion is 38.2 mm
for the 5 mm aperture size of the collimator and the
multiple Coulomb scattering occurring at the beam window. These results were presented
at the international conference SSP2025.
Publications S. Kanda, A. Powell, K. Tsukada, Y. Ma, and S. Matoba, "Devel opment of
a Multi-particle Imager for Exotic Atom Spectroscopy and Interferometry,” to be
published in JPS Conf. Proc.
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Clarification of the mechanism of dose rate dependence on the
enhancement of biological effectiveness by gold nanoparticles

Tamon Kusumoto QST

FLASH radiotherapy has been attracted a great attention due to its advantages that healthy
tissues are spared, while effectivenessto tumorsis maintained. Also, gold nanoparticles (GNPs)
have been recognized as a radiosensitizer. The mechanisms of both methods (FLASH and
GNPs) could be related to changes in yields of water radiolysis products. To holistically clarify
their mechanisms, wein this project tackle to evaluate changesin water radiolysis species using
alinac equipped to Kyoto Univ., which enables to provide high-intensity short pulse electron
beams (14 MeV). Last year, we have successfully done dosimetry using FTR-125 film. This
achievement has been published in Radiation Measurements (see: Kodairaet a., Radiat. Meas.
192 (2026) 107629). Based on the dosimetry results, we will address to evaluate changes in
yields of water radiolysis species.

In this year, we have evaluated changes

in yields of typical water radiolysis species

=

(i.e., OH radicals, hydrogen peroxide, and

gamma

hydrated electrons) under electrons (250

=

kGy/s as instantaneous dose rate). As a

e-beam

=

reference of FLASH irradiation, gamma

Concentration of TOH-C3CA
R

rays from Cs-137 source with dose rate of

0.1 Gy/s are employed as a conventional

dose rate exposure. iy =
By irradiation of electrons and gamma rays, Fig. 1 The concentration of 70H-C3CA
the concentration of 7OH-C3CA formed increases  formed under electrons (FLASH) and
with dose. The slope of fitting line using linear  gamma rays (conventional).
function (y = ax) is gentle under FLASH
irradiation (i.e., electrons), compared to conventional exposuresto gammarays (Figure 1). The
relative yield change is -43 + 8%. This value is consistent with previously obtained one by
another group. A similar trend is seenin the case of hydrated electrons. Therelativeyield change
iS-44 + 9.8%. This value is almost equivalent to that of OH radicals. This finding implies that
yields of OH radicals decrease due to the reaction with hydrated electrons. This finding would
demonstrate that dense track distribution is formed by high-dose rate irradiation. Therefore,
reactions between water radiolysis species formed by neighboring tracks significantly occur
under high-dose rate irradiation, resulting in the suppression of the biological effectiveness.
Thiswould be one of the mechanisms of sparing effects seen in FLASH radiotherapy.
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Development of areal-time dosimeter for ultra-high dose-rateirradiation
(FLASH)

Masayori Ishikawa Hokkaido University

1. Purpose

FLASH irradiation, which delivers radiation at ultra-high dose rates exceeding 40 Gy/sec, has recently
attracted attention as a novel radiotherapy technique. However, real-time dose measurement under such
conditions remains difficult. In this study, we investigated the feasibility of dose measurement in a FLASH
electron beam irradiation field using a SOF dosimeter (Scintillator with Optical Fiber dosimeter) developed
in our laboratory, which combines a plastic scintillator and an optical fiber.

2. Methods

Preliminary experiments conducted in 2024 using the electron linear accelerator at Kyoto University
indicated that the SOF dosimeter operating in pulse measurement mode could accurately measure dose
independent of beam intensity (nC/pulse). Based on these results, the SOF dosimeter was calibrated using
radiochromic film (EBT3), and dose distributions were measured. The dose distribution obtained with EBT3
was compared with that measured using the SOF dosimeter with a scanning system.

3. Results and Discussion 20

In current measurement mode (conventional method), the detector ;2 3 i

response ranged from 0.500 to 1.578 (SD: 0.446) at dose rates of g: .
0.91-3.39 Gy/sec, and decreased as the dose rate increased, g“’ ° = °®
indicating significant dose rate dependence. In contrast, in pulse é 05 ° og
measurement mode, the response ranged from 0.937 to 1.165 (SD: 2 00

0.0843), showing substantially reduced dose rate dependence and ’ D;seper pulzse [Gylpu@e] !

Fig. 1 Relationship between dose rate

improved measurement stability. and detector response

Figure 2 shows the 2D dose distributions measured using EBT3 film.

1D dose profile along the X-axis was extracted from the 2D distribution, and compared with measured data
using SOF dosimeter with a scanning system (Fig. 3). Since the dose per pulse was too high, both
measurements were normalized for comparison. A slight discrepancy was observed at 5 nC/pul se, while good

agreement was confirmed at 1040 nC/pulse.

-
@

-
e

SOF counts per pulse (x10%)

-2; pnsitI:ln [ra'lln?f’s “ 2;mili:n[mm§5 * B =g P iz
(a) After irradiation (b) X-axis dose profile (a) Scanned SOF profile (b) Experiment geometry
Fig. 2 Dosedistribution measured by EBT3 Fig. 3 1D dose profile measured by SOF dosimeter
with scanning system
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Biochemical Phenomena of FLASH Irradiation of Three-Dimensional Oral
Cancer Models

Kazuyo Igawa Okayama University

[Objective] In recent years, FLASH irradiation, known as ultra-high dose rate irradiation, has been anticipated
for clinical application in radiation therapy as a next-generation innovative irradiation technique and method.
However, the mechanism behind the FLASH effect—which maintains high antitumor efficacy while suppressing
damage to normal tissues-remains unclear. Development of a linear accelerator at the Institute for Chemical
Research, Kyoto University, has progressed, enabling FLASH irradiation with a20 MeV electron beam. This study
evaluatesthe biochemical effects of FLASH irradiation on athree-dimensional culture model replicating the human
tumor microenvironment, using the el ectron beam FLASH irradiation system at the Institute for Chemical Research,
Kyoto University (KFL) .

[Methods] After evaluating the FLASH irradiation field using a cellulose triacetate film dosimeter (FTR-125,
Fujifilm), four types of human-derived cells (oral cancer cells HSC, oral cancer-associated fibroblasts CAF, ora
fibroblasts NOF, and skin fibroblasts NHDF) are cultured in three dimensions and subjected to electron beam
FLASH irradiation. Three days after FLASH irradiation, the biological effects on thethree-dimensional cell cultures
are evaluated by assessing cell survival using the Trepan Blue staining counting method and by histological analysis
using HE staining.

[ Result and discussion] To establish an electron beam FLASH irradiation protocol for 3D cell culture, we
measured the KFL beam profile (Figure 1). Theirradiation field for 3D cell culture was defined as the range (¢ 30
mm) where the intensity reaches 90% of the pixel value peak. Therefore, we prepared four types of human-derived
cellsin 4-well plates for each dose (Figure 2). Electron beam FLASH irradiation of 3D cultured cancer cells and
normal cells is performed in February and March 2026. The biochemical effects of FLASH irradiation on cancer
cellsand normal cellsin both 2D and 3D cell cultures are eval uated. Physical dose measurements will be performed
by Co-Investigator Ogawara (RIKEN) and Co-Investigator Kusumoto (QST). FLASH irradiation will be conducted

by Co-Investigator Wakasugi (Kyoto University). Cell culture and cell viability assessment will be carried out by

Principal Investigator Igawa (Okayama University).
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Figure 1 Profile measurement Figure 2 Electron Beam FLASH Irradiation of 3D Cultured Cells

[Outcome] We plan to publish a paper summarizing the results of FLASH irradiation on 2D cell culturesin fiscal
year 2024 and on 3D cell culturesin fiscal year 2025.
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On the mechanism of the C-H bond activation of hydrocarbons
catalysed by a [NisH4(P'Bus)s] cluster

W. M. C. Sameera Chalmers University of Technology

Objectives. We have synthesised a tetranuclear Ni-hydride-phosphine cluster,
[NigH4(P'Bus)4] (1). Computational methods were used to determine its ground-state
structure and to rationalise the intramolecular C—H bond activation of P'Bus and

intermolecular C—H activation of benzene.

Methods. Density functional theory (DFT) computations were conducted using the BP-
D3BJ functional with standard basis sets.

Outcomes. DFT calculations confirmed that the S = 0 state is the ground state of (1), and
its geometry aligns with the X-ray structure, confirming the positions of the hydride ions.
The computed free-energy barrier for the C—H bond activation of P'Bus is 23.6 kcal/mol.
Intermolecular C—H bond activation of benzene is initiated by the dissociation of a P'Bus,
followed by coordination of benzene to the vacant coordination site of the Ni ion. Then,
C—H bond activation of benzene occurs through a free-energy barrier of 20 kcal/mol. We
concluded that both intramolecular C—H bond activation of P'Bus and intermolecular C—

H bond activation of benzene operate under the experimental conditions.

Publications:

[1] K. Sunami, T. Higaki, K. Tanaka, W. M. C. Sameera, R. Takahata, T. Teranishi, S.
Kikkawa, S. Yamazoe, T. Shiga, M. Nihei, T. Kato, H. Izu, Y. Ohki, A tetranuclear nickel
hydride cluster capable of reversible activation of aromatic and aliphatic C-H bonds.
(Under revision)

[2] T. Higaki, K. Tanaka, S. Oishi, K. Kawamoto, M. Tada, W. M. C. Sameera, R.
Takahata, T. Teranishi, S. Kikkawa, S. Yamazoe, T. Shiga, M. Nihei, T. Kato, R. E.
Cramer, Z. Zhang, K. Meyer, Y. Ohki, 2025, 147, 4, 3215-3222.

Presentations:

[1] W. M. C. Sameera, From Cosmic Dust to Molecules. Computational Approaches to
Rationalise Interstellar Chemical Complexity. CY Cergy Paris Université,
France. (Invited Lecture)

[2] W. M. C. Sameera, Activating Inert Molecules Using Transition Metal Clusters: A
Computational Study. The 22" International Symposium on Organometallic Chemistry
Directed Towards Organic Synthesis, Kyoto, Japan. (Poster)
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Mechanistic Investigations into CO; to CH4 Conversion
Catalyzed by a [Mo3S4Fe] Cluster

Yilin Hu University of California, Irvine

[Objectives]
Our earlier work established that synthetic

metal-sulfur clusters can promote the formation of

short-chain hydrocarbons (HCs) from COa,. :g]‘;*((?_'r:c";’; " sMé s—Fe—Cl
Mo
Building on this foundation, the present project C/. 5
. . CH, -
seeks to improve both the selectivity and (+Hy) p.

efficiency of HC production by employing a

robust Mo-Fe-S cluster developed by our

collaborators, [Cp*3Mo3S4FeCl] (1, Cp* = CsMes) (Figure 1). Our last year’s research revealed that
cluster 1 catalyzes the CH4 formation under a CO; atmosphere and identified the carbon source of
the produced CH4 as CO. This year’s research aimed to gain more insights into the catalytic
mechanism and improve the performance of the catalyst.

[Experimental Methods and Outcomes]

To isolate reaction intermediates, we first examined stoichiometric reactions with limited
substrates. When cluster 1 was treated with 10 equiv. of KCs as a reductant under CO», an anionic
Fe-CO complex 2 ([Cp*3Mo3S4Fe(CO)]") was formed (Figure 2). The solid-state IR spectrum of 2
exhibited a band at 1692 cm™! attributable to the C-O stretching vibration. When the same reaction
was carried out under *CO, this band shifted to lower frequency, confirming that the CO ligand in 2
originates from the reduction of CO,. These results suggest that the reduction of CO; to CO occurs
as an initial step in the conversion of CO, to CH4 catalyzed by cluster 1.

We also conducted scale-up experiments

KC, co, . _l using increased amounts of reductant to
\ (0ea)  (atm oo RN
g ve AT 7 i improve the catalytic performance. After
" smmmryed  optimization of the reaction conditions and
FT-IR Spectra
temperature, the catalytic activity increased
L. dramatically, affording CH4 with turnover
— E 1260, G0, numbers higher than 100,000. This value
=1
3 Ad.om significantly exceeds the previously reported

maximum for the reduction of CO; to CHy4

Figure 2. Reaction of 1 with CO, under reducing  using molecular catalysts, demonstrating the
conditions. The crystal structure (bottom, left) and infra-red

spectra (bottom, right) of the product are shown. exceptional stability of the cluster catalyst.
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Half-Sandwich Rh complexes Having Bulky Cp Ligand toward
Borylation Catalyst of Inert Hydrocarbons

Mohamad Shazwan Shah Jamil  Universiti Teknologi Malaysia

Background: The selective functionalization of hydrocarbons, which have limited utility beyond fuels
and solvents, represents a highly chalenging molecular transformation. Among the available
approaches, C-H borylation is particularly promising, as the resulting organoboron compounds serve
as highly versatile intermediates in organic synthesis.

Despite its potential, practical implementation of this transformation remains challenging. One major
limitation is catalyst deactivation or decomposition under the elevated reaction temperatures (~150
°C) typically required for C-H borylation.

Objective: Inthisstudy, wefocused on half-sandwich Rh complexes bearing cyclopentadienyl ligands
bulkier than Cp* as potential catalysts capable of operating under prolonged high-temperature
conditions. The bulky ligands are expected to suppress catalyst aggregation, a key deactivation
pathway, while simultaneously creating a hydrophobic environment around the active site that may
promote substrate incorporation. As an initial step, we aimed to synthesize such Rh complexes.
Results & discussion: Half-sandwich Rh complex
bearing sterically demanding Cp ligands, Cp*'RhCl2 (1)
(Cp™" = CsArs, Ar = 3,5-MexCgH3), were synthesized
with reference to the corresponding Cp*-supported
anaogues. 1 was isolated as a reddish-brown solid in
66% vyield. Single-crystal X-ray diffraction anaysis

Figure. Molecular structures of
confirmed that 1 is coordinatively unsaturated 16-  complex 1 (left) and 2 (right).

electron mononuclear complexes (Figure-left). This

behavior contrasts with Cp*-supported analogues, in which chloride bridging between metal centers
leads to dimerization and formation of coordinatively saturated 18-electron complexes.

To convert 1 into a catalytically relevant precursor for C-H borylation, we attempted substitution of
the chloride ligands with organic groups. Treatment of 1 with KCg in a THF-benzene mixed solvent
afforded adinuclear complex, [CpA"Rh]2(pu-H)(u-CeHs) (2), in which a hydride and a benzene-derived
phenyl group bridge two Rh centers. 2 was isolated as a green solid in 9% yield, and its molecular
structure was determined by single-crystal X-ray diffraction (Figure-right).

Outcomes: We successfully synthesized Rh complexes bearing the Cp*" ligand, along with precursor
complexes relevant to C-H borylation catalysis. Preliminary studies confirmed their catalytic activity
toward the C-H borylation of linear saturated alkanes. Further investigations into the synthesis and

catalytic performance are currently underway, and the results will be reported in due course.
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High-performance Fe-perovskites as oxygen electrodes for solid oxide
fuel cells (SOFCs)

Susana GarciaMartin - Complutense University of Madrid

Project code: 2025-11

Name of ICR partner researcher: Prof. Yuichi Shimakawa.

Objectives

The project aimed to devel op novel functional materials based on Fe-oxides, with layered
perovskite-related structure, that present electro-catalytical properties and potential
applications as oxygen electrodes for solid oxide fuel cells (SOFCs).

Experimental Methods

Synthesis: The oxygen content of these materials, which highly impact on their properties,
can be tuned by means of different methods of synthesis. The oxides have been prepared
by solid statereaction at air or under argon flow. After synthesis, some oxideswere heated
at 473 K under flowing ozone-containing oxygen with the aim of increasing the Fe-
oxidation state by increasing the oxygen content. The oxygen content of the compounds
was determined by thermo-gravimetric analysis. The average oxidation state of Fe was
determined by Mossbauer spectroscopy and by EELS. Nuclear and magnetic structure
characterization was carried out by means of synchrotron X-ray diffraction (SXRD),
MOssbauer spectroscopy, neutron diffraction (ND), electron diffraction (SAED), high
resolution transmission electron microscopy (HRTEM), scan-TEM (STEM in HAADF
and ABF modes) and EEL S mapping. Electrochemical characterization: ORR activity of
the electrode materials has been evaluated by electrochemica impedance spectroscopy
(EIS) in symmetrical half-cells at different temperatures. DET calculations of the
electronic structure of some of the oxides have been carried out using the VASP program.
Results

We have studied MM’ Fe2Os-5 systems with M = Pr, Gd, Tb and M’ = Ba, Ca. We have
found that both ThBaFe2Os and PrBaFe2Os present phase transitions associated to Fe
charge ordering (CO) effects at different temperatures. We have also studied the crystal
structure and the electrocatalytic activity of the non-stoichiometric PrBaFe2Os-5. The
SAED, HRTEM, STEM and EELS results have revealed a new superstructure of the
perovskite-type related to the layered ordering of the Pr and Ba atoms and location of the
anion vacancies. The impedance measurements carried out in symmetrical cells with
PrBaFe2Oe-5 as el ectrodes, indicate that this oxideis a potential candidate as air electrode
for SOFCs. We are currently finishing studies of the Gdo.sBan.sCao.4Fe1.8Nio.20s-5 Oxide.
Two articles summarizing these results are currently being drafted.
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Synthesis and physical properties research of new transition metal
compounds with mixed-anions

Haichuan Guo Chinese Academy of Sciences

Introduction

A mixed-anion compound is a solid-state material containing more than one anionic species
in a single phase, such as oxynitrides (oxide-nitride). Unlike oxides, which exhibit diverse
chemistries and structures often known from mineralogy, the structures of most mixed-anion
compounds, among other aspects, are less explored with much to learn. The different anionic
characteristics, such as charge, ionic radii, electronegativity, and polarizability add new
dimensions to control and tune the electronic and atomic structure of materials, which may
support physical properties inaccessible to a single-anion analog. Here, a new transition metal
oxynitride NaWO;N was synthesized using high-pressure and high-temperature method. The
crystal structure was investigated using neutron powder diffraction (NPD) method.
Experiments and results

NaWO:N powder sample was synthesized at 9 GPa and 1100°C using cubic-anvil high-
pressure equipment in ICR. NPD measurement was performed on NaWwO:N at Time-of-flight
High Resolution Neutron Diffractometer of CSNS. The diffraction pattern of NaWO;N at room
temperature is shown in Fig.1. Although the XRD pattern of NaWO,N suggests a simple cubic
perovskite structure with the space group of Pm-3m, the NPD pattern indicates an A-site-ordered
guadruple perovskite structure with a space group of Im-3 and a 2ax2ax?2a unit cell(Fig.2), in
which the same Na' ion at A-site splitsinto two sites. Three quarters of Na" ions introduced into
the originally twelve-fold coordinated site form sguare-coordinated units that aligns
perpendicular to each other. Further analysis of NPD data and physical properties measurement
of NaWO;N are planned.
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Fig.1 NPD patterns of NawO:N Fig.2 crystal structure of NawO;N
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Photocatalytic C-H Silylation under visible-light enabled
Fe-catalysis

AlakanandaHajra Visva-Bharati University

ICR partner researcher’s name: Prof. Masaharu NAKAMURA
Objective: Development of C—H silylation using earth-abundant non-toxic Fe-catalysis
under visible light photo-catalysis.

Visible-light photocatalysis has become an impressive tool in organic synthesis. In
this realm, the merger of transition metal catalysis and visible light photoredox catalysis
offers an exciting opportunity to perform the organic transformations in mild reaction
conditions. Organosilicon compounds are very imporatnt due to their promising
application in therapeutic agents, drug delivery, building blocks and so on. In this
scenario, environment-friendly  synthetic approach for dlylation, such as
visible-light-induced silylation is highly in demand at present days for molecule
construction having C-Si bond. The accessibility of complex organosilicon derivatives
by the carbosilylation of alkenes through the catalytic meta-C—H activation is going.

Z . R;SiH

Het Het
R' .
Fe(ll) @\ @les
R1

Ru(ll)

via silyl radical

formation meta-C(sp?)-H functionalization

weHet

Ru
;iR3

R1
Het Het
Ru :
@\ + 7+ RSH L-A - ©\le3
R1
R‘\

Presently we are focusing on the precise role of Fe-catalyst and visible light, and late
stage modification of the compound. In addition, development of m C—H silylation is
ongoing in our laboratory.
Outcome: Three papers are published supported by the International Collaborative
Research Program of Institute for Chemical Research, Kyoto University (grant #
2025-13). Detailed mechanism studies are ongoing in our laboratories which will be
published soon.

DOI: doi.org/10.1002/cptc.202500258; doi.or a/10.1002/tcr.202500244
doi.org/10.1039/D50B01878A
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Computational Study on Lignin Degradation Reaction in Woody Plant
Cell Walls

W. M. C. Sameera Chalmers University of Technology

Objectives. We aim to investigate the mechanisms of lignin degradation in woody plant
cell walls using quantum-chemical computations. Our preliminary experimental studies
found that (C12H25)CsH4-SO200H can react with lignin interlinkages. Our initial attempt

was to determine the quantitative mechanistic details of the reaction.

Methods. Density functional theory (DFT) computations were conducted using the
®B97X-D, def2-TZVP basis set, and implicit solvation.

Outcomes. To investigate the reaction mechanism, we employed a model system,
(CH3)CsHs+—S0O200H, together with a representative lignin interlinkage. Various possible
reaction pathways were explored, and based on the computed free-energy profiles, we
identified a low-energy pathway, as shown in the diagram below. This mechanism follows

a kinetically and thermodynamically favourable free-energy path for the reaction.

@\ [DH @ OH OH fl,/::.\\ |__,0H
|
L OH ¢ e TsOOH J/\/O-OTS Z .0
| fo) -~ +H o ” p- s . o \\r/’\ o
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OMe /1 HO  ome e ome
e | I
Meo’Lﬁ" MeO” MeO™ MeO”
OMe OMe OMe OMe
Baeyer-Villiger
oxidation -p-TsOH
p-TSOOH ]

Ll
HO - _{,O = .

OH
P M WMo ]: H*H,0 OMe
oH " Aoy 0 oH " /©
OMe MeO

OMe
OMe MeO

OMe
Publications: H. Malani, W. M. C. Sameera, M. Nakamura, et al. Determination od of p-

TsOH catalyzed p-O-4 cleavage mechanism of Lignin G-G dimer in wood biomass. (In
preparation)
Presentations: W. M. C. Sameera, Cosmic Origins of Catalysis: Linking Molecular

Evolution in Space to Sustainable Chemistry on Earth, Institute for Chemical Research
(Invited Lecture)
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Development of Efficient Mixed Sn and Pb-based Perovskite
Photovoltaics

Silver-Hamill Turren-Cruz  University of Vaencia

Research Purpose and Achievements

This international collaborative research project successfully extended the joint study with Prof.
Atsushi Wakamiya from the Institute for Chemical Research (ICR). The project addressed critical
challenges related to carrier extraction and oxidation resistance in tin-based materials for high-
performance tin—lead perovskite solar cells. The substitution of Sn2+ for Pb2+ in mixed perovskites,
which typicaly leads to high defect densities due to Sn2+ oxidation to Sn4+ and accelerated
crystallization, was effectively mitigated through targeted compositional and interface engineering
strategies.

Through this work, we successfully improved the intrinsic quality, stability, and photovoltaic
performance of mixed tinHead perovskites, enabling their effective integration into single-junction
and all-perovskite tandem photovoltaic technologies. The project built upon previous collaborative
advances and demonstrated that rational cation engineering, combined with reducing agents and
surface modifications, is an effective pathway toward stable, high-efficiency Sn—Pb perovskite solar
cells.

The project was structured around several key research activities, with specific responsibilities
assigned to collaborating groups:

Advanced bulky organic cations were successfully designed and synthesized in Prof. Turren-Cruz's
group. A detailed understanding of structure—property relationships was achieved, enabling precise
control over precursor solution behavior and thin-film crystallization. Dr. Pascua conducted
comprehensive characterization of solution properties and crystallization dynamics, confirming their
suitability for high-quality perovskite thin-film fabrication. Prof. Wakamiya's group at ICR designed
and fabricated high-efficiency single-junction mixed tin-ead solar cells based on the newly devel oped
compositions. Extensive morphological, chemical, and crystallographic analyses of the perovskitethin
filmswere performed in collaboration with Prof. Sasamori at ICR using state-of -the-art facilities. Prof.
Mora-Ser6 systematically evaluated device stability and photophysical properties. Finaly, Dr. Hu in
Prof. Snaith’s group at the University of Oxford implemented the best-performing tin-ead devicesin
all-perovskite tandem solar cells. Tandem device fabrication and characterization confirmed
performance surpassing previous benchmarks, demonstrating the successful achievement of the
project objectives and advancing next-generation perovskite photovoltaic technologies.

This research advanced Sn-Pb perovskite solar cells with key achievements:

* Developed Sn-Pb single-junction cells over 18% efficiency.

* Created all-perovskite tandem cells over 23% efficiency.

» Gained insights into perovskite solution properties affecting crystallization.

* Introduced new molecular families for perovskites.

* Contributed significantly to photovoltaic science.

These resultslay afoundation for future perovskite solar cell development, benefiting research groups
and promoting innovations in sustainable energy.
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Functionalization of Liver Organoids from Human Pluripotent Stem
Cells by Using THz Waves

Kenichiro Kamei New York University Abu Dhabi

Human pluripotent stem cell—derived liver organoids represent a promising in vitro platform for
disease modeling, drug discovery, and toxicity testing. However, a mgjor limitation of current liver
organoid technologiesistheir insufficient functional maturation compared to adult human liver tissue.
Most existing approaches to enhance organoid function rely heavily on biochemical cues such as
growth factors and small molecules, which have shown limited successin fully recapitulating mature
liver functions.

The objective of this joint research project was to establish a novel, non-invasive physical
stimulation strategy using terahertz (THz) waves to promote the functional maturation of human
ES/iPS cellderived liver organoids. By combining advanced stem cell engineering with cutting-edge
THz photonics developed at the Institute for Chemical Research (ICR), Kyoto University, this project
aimed to (i) generate vascularized liver organoids, (ii) develop a THz-wave stimulation platform
compatible with organoid culture, and (iii) elucidate the molecular mechanisms underlying THz-
induced functional enhancement.

Experimental Methods

First, vascularized liver organoids were generated from human ES/iPS cells using recently established
differentiation protocols in the Kamei laboratory. Hepatic progenitor cells, endothelia cells, and
supporting mesenchymal cells were derived from a common pluripotent stem cell source and co-
assembled to promote self-organized tissue architecture with integrated vascul ar-like networks.

Second, THz-wave stimulation conditions were optimized in collaboration with Assoc. Prof.
Hideki Hirori (ICR, Nanophotonics Laboratory). Based on previously published THz pulse generation
systems, stimulation parameters such as pulse energy, frequency range, and exposure duration were
tuned to ensure effective cellular stimulation while avoiding thermal or phototoxic effects. Liver
organoids were exposed to controlled THz pulses under sterile culture conditions.

Third, the biological effects of THz stimulation were evaluated using a combination of
morphological, molecular, and functional analyses. These included immunohistochemical staining for
hepatic maturation markers, transcriptomic profiling using single-cell RNA sequencing, chromatin
accessibility analysis by single-cell ATAC-seq, and untargeted metabolomic analysis using mass
spectrometry.

Experimental Results

Using a microfluidic organ-on-a-chip platform, we successfully generated functional vascularized
liver organoids derived entirely from human ES/iPS cells. The microfluidic architecture enabled
precise spatial organization of hepatic parenchymal cells and endothelial lineages, facilitating the self-
assembly of perfusable vascular networks within the organoids. Continuous medium perfusion
through the microchannel s supported long-term culture stability and promoted endothelial maturation,
which are difficult to achieve under conventional static culture conditions.

Immunohistochemical and morphological analyses confirmed the formation of
interconnected endothelial networks expressing canonical vascular markers, closely associated with
hepatocyte clusters exhibiting polarized tissue organization. Functionally, these vascularized liver
organoids demonstrated enhanced hepatic characteristics, including improved expression of liver-
specific markers and metabolic activity, indicating that microfluidic perfusion and vascular integration
synergistically contribute to functional maturation.

A portion of this microfluidic vascularized liver organoid work has been peer-reviewed and
published in Cell Therapy & Engineering Connect, validating the robustness and reproducihbility of
the platform. Building on this established system, the present joint research further investigated the
application of THz-wave stimulation as an additional, non-invasive physical cue to enhance organoid
functionality beyond what is achievable through microfluidic vascul arization alone.

Following THz-wave exposure, vascularized liver organoids exhibited further
improvements in functional readouts compared to non-stimulated controls, suggesting that THz
stimulation acts cooperatively with microfluidic perfusion and vascular architecture. These results
position microfluidic vascularized liver organoids as a highly suitable and physiologicaly relevant
model for investigating THz-mediated functional enhancement mechanisms.

[1] K. Yoshimoto, R. Okaichi, K. lida, S. Terada, K. Kamei* “High-Purity Production of Endothelial

Cells from Human Pluripotent Stem Cells’ Cell Ther. Eng. Connect, 1, 2025.0006 (2025); DOI:
10.69709/CTEC.2025.154455
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Spin-wave excitation of van der Waals magnetic semiconductors by intense
terahertz magnetic field pulses

Taketo Handa Columbia University

The van der Waals 2D material, CrSBr, is both an A-type antiferromagnet and a direct gap
semiconductor, with bandgap in the near-infrared region. The presence of both properties has led to
the discovery of strong coupling of electronic properties to magnetic order, including the coupling of
coherent magnons at sub-meV energies to excitons in the eV range. This has major technological
implications, e.g., optical control and access to coherent magnons and quantum transduction across
four orders of magnitude in energy. The novel experimental technique using strong THz magnetic
field may enable unprecedented excitation and control of coherent magnons through time varying
magnetic torque, while the subsequent dynamics can be conveniently probed optically in this system.
With the teda-class THz field, magnetic order transitions of CrSBr are expected to be induced, where
intriguing interplay between nonequilibrium magnetic order and excitonic excitation are expected.
By widely varying the strength of the driving field, we explore to establish a complete view of spin-
wave dynamics from the perturbation-dominant to nonequilibrium regimes, allowing the quantitative
determination of magnon nonlinearity essential to applications in wave-based computing and
guantum interconnects.

In our experiment, we fabricated a spiral-shaped antenna resonator on a quartz substrate at Kyoto,
using the shared facility of el ectron-beam lithography. Upon THz irradiation, aTHz current isinduced
that generates a strong THz magnetic near-field at the center of the spiral [1,2,3]. We shipped the
substrate to Columbia, transferred athin flake of CrSBr onto the spiral, then sent it back to Kyoto for
THz experiments. We observed that upon irradiation with the THz pulse, the visible reflection
increased immediately and did not decay over hundreds of picoseconds. In contrast to the previous
study, where the magnetization response is only observable around the excitonic energy [4], the
reflection change in our experiment slowly varies as the photon energy of the probe pulse is tuned
over thisenergy range. This may suggest metastable order [5]. After several measurements, we found
that the antenna had burned, likely due to Joule heating. We plan to fabricate antenna resonators of
various shapes to decompose the contributions of the THz magnetic and electric near-fields to the
reflection signal. In the meantime, the stacking machine at Columbia has been malfunctioning. It will
be recovered soon, and we will perform additional measurements on newly fabricated samples.

[1] Z. Zhang et a., Nat. Commun. 14, 1795 (2023); [2] K. Maruyamaet a., APEX 17, 022004 (2024);

[3] Z. Zhang et al., Nat. Mater. 24, 219-225 (2025); [4] Y. J. Bae et al., Nature 609, 282-286 (2022);
[5] B. llyas, et al., Nature 636, 609-614 (2024).
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Development of Novel Planar-Chiral Ferrocenylphosphine Ligands
Based on the Restricted Cp-Fe-Cp Rotation: Phase 2

Masamichi Ogasawara Tokushima University

During the last couple of years, we have been pursuing to

"asymmetrize" DPPF (1,1'-bis(diphenylphosphino)ferrocene), a thp\©A§ thp\©/t8u
Bu

widely used anchillary achiral bidentate phosphine ligand [1], by o) (CH,)s o)
restricting the rotation at the Cp-Fe-Cp axis. A set of DPPF Ph,P /@7{ pn,p—

derivatives 1la and 2a were prepared through the last year's
collaboration in enantiomerically pure forms (Figure 1).
Although ligands 1a and 2a demonstrated promising
performance in the rhodium-catalyzed asymmetric hydrogenation of dehydroamino acids, there is still room for
further improvement. This year, we modified 1a and 2a by introducing the bulky aryl groups DTBM,
3,5-di(tert-butyl)-4-methoxyphenyl, in place of phenyl groups in the diphenylphosphino moieties in 1a and 2a.
The newly designed planar-chiral DPPF derivatives 1b and 2b were prepared as racemates. The enatiomeric
resolution of the corresponding oxides was realized by the preparative chiral HPLC resolution, and following
reduction provided 1b and 2b in enantiomerically pure forms (Scheme 1).

(+)-(R,R)-1a (+)-(R,R)-2a
Figure 1. Chiral DPPF derivatives with -PPh, substituents.

Li (DTBM),P
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Li (DTBM),P
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Ph 'CP')\ - V (RR)-5 HSICls, NEts (DTBM)ZP@Q
2 R)-
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2w 5 !
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Scheme 1. Preparation of chiral DPPF derivatives with -P(DTBM), substituents.

The X-ray crystal structure analysis of PdC,[(+)-1b]
determined the absolute configuration of dextrorotatory 1b to be
(R,R) as depicted in Figure 2.

Chiral DPPF derivatives were examined in the
rhodium-catalyzed asymmetric hydrogenation of prochiral olefins.
Representative results on the hydrogenation of itaconic acid are
shown in Scheme 2. As we expected, introduction of DTBM
substituents improved the performance of the chiral ligands.
While Rh/(R,R)-1a afforded (R)-methylsuccinic acid in 68% ee
and 92% yield, Rh/(R,R)-1b provided the hydrogenation product
in 92% ee quantitatively under the identical conditions. Likewise,
the enantioselectivity of 71% ee using (S,5)-2a was improved to
76% ee by the use of (S,S)-2b. Additional applications of these Figure 2. X-ray crystal structure of PACL[(R.R)-1b].
ligands will be studied in due course. [Rh(cod)2]BF4 (1 mol %)

LCO 4 1y, _chiralligand (1.2 mol %) " w
H 2 c : u
HO,C 2 (1 atm) ethanol, 20 h, 23 °C HOZC/\/ 2

References. "R 029%)
) R.R)-1a; 68% ee (92%
[1] Gan, K.-S.; Hor, T. S. A. In Ferrocenes; Togni, (R,R)-1b; 92% ee (>95%)
. . . - . 0, 0,
A.; Hayashi, T., Eds.; VCH: Weinheim, 1995; Chap. gggﬁ Tinee ((géﬁ//(:);
I, p. 3. Scheme 2. Rh-catalyzed asymmetric hydrogenation of itaconic acid.
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Development of nickel cluster catalystsfor highly selective functionalization
Ayako TAKETOSHI  Yokohama National University

Hydroboration of akenes gives useful akylboranes as synthetic intermediates. Although numerous
transition metal catalysts have been developed, Markovnikov selective hydroboration of alkenes is a more
challenging reaction than the anti-Markovnikov selective one. We found that nickel(Il) salts such as nickel
acetate and nickel chloride efficiently catalyzed the hydroboration of 4-zers-butylstyrene (1) with a diboron
reagent, bis(pinacolato)diboron (2), affording a Markovnikov (branched) adduct 3 with excellent selectivity
(Table 1, entries 1-3). In contrast, a nickel(11) complex, Ni(acac)2-nH20, showed significantly lower catalytic
activity, whereas a nickel(0) complex, Ni(COD)(DQ) (COD=1,5-cyclooctadiene, DQ=duroquinone), was
highly active, as well as nickel(l1) salts (entries 4 and 5). It is thought that nickel(0) species, such as nickel

clusters, were generated from nickel (I1) salts during the reaction and worked as a catalyst.

Table 1. Hydroboration of 4-tert-butylstyrene (1) by nickel salts?
BPin

/@/\\\+ O_B_B,Oj; Ni catalyst (5 mol%) /@/J\ /@/\/Bpin
Bu O O KOAc ‘Bu Bu
1 2 toluene/MeOH = 3/1 3 4
25 °C, 20 h, under N,
Yield / %°
Entry Catalyst Conv. of 1/ %" 3 Z
1 Ni(OAc),-4H,0 100 91 1
2 NiCl, 100 99 0
3 Ni(NO,), 6H,0 100 99 0
4 Ni(acac),*nH,0 26 24 0
5 Ni(COD)(DQ) 100 99 1

aReaction conditions: 1 (0.5 mmol), 2 (1.0 mmol), KOAc (0.75 mmol), catalyst (0.025 mmol),
toluene (3 mL), MeOH (1 mL), 25 °C, 20 h under N,. "Determined by GC using undecane as an
internal standard. °Determined by '"H NMR using 1,1,2,2-tetrachloroethane as an internal standard.

Academic Meeting (domestic)

1. Poster: Markovnikov-selective hydroboration of styrenes catalyzed by commercially available nickel salts
Yusel Kimura, Ayako Taketoshi, Yoshitaka Yamaguchi
2025 Summer Symposium of the Japanese Society for Process Chemistry, 2P-42, Tower Hall Funabori (July,
2025)

2. Oral: Markovnikov-selective hydroboration of styrenes catalyzed by nickel salts
Yusel Kimura, Ayako Taketoshi, Yoshitaka Yamaguchi

88" Symposium of the Society of Synthetic Organic Chemistry, Japan (Kanto branch), B19, Kogakuin
University (May, 2025)

Original Paper

1. Defective NiO Nanoparticles Supported on Nb,Os for Solid-Catalyzed Markovnikov-Selective
Hydroboration of Styrenes
Ayako Taketoshi, Yusei Kimura, Eiji Hirano, Norihito Sakaguchi, Tamao Ishida, Toru Murayama,
Yoshitaka Yamaguchi, Eur. J. Org. Chem. 2025, €202500824. DOI: 10.1002/€joc.202500824
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Spin control by high-power THz pulse in orthoferrite

Hiroshi Watanabe Osaka University

In this collaborative project, we investigated the control of large-amplitude spin dynamics in the
orthoferrite Smo.7Ero.sFeOs using intense terahertz (THz) pulses and cavity effects. Orthoferrites are
canted antiferromagnets with resonance frequencies significantly higher than those of conventional
ferromagnets, making them attractive materials for ultrafast spintronic applications. In addition, their
spin-reorientation transitions provide a platform for enhancing magnetic responses near phase
transition points. Building on previous studies demonstrating long-lived spin precession and THz-
driven spin control in orthoferrites, this project focused on achieving controllable excitation of spin
modes through structural and electromagnetic tuning.

Single crystals of Smo.7Ero.3FeOs with thicknesses of 100 um and 50 um were prepared to examine
thickness-dependent cavity effects. Metallic microstructures were fabricated on the crystal surfaces
to enhance the local THz magnetic field via near-field effects. By irradiating the samples with intense
THz pulses with peak electric fields up to 1.2 MV/cm, large-amplitude spin oscillations were excited,
particularly near the spin-reorientation transition temperature where nonlinear magnetic responses
are strongly enhanced.

Systematic measurements revealed that the excitation efficiency and frequency of the spin
oscillations depend sensitively on sample thickness, indicating that cavity effects modify the effective
resonance condition. The coupling between the intrinsic magnon modes of Smo.7Ero.sFeOs and the
resonant modes of the metallic microstructures plays a key role in determining the amplitude and
spectral content of the excited spin dynamics. These findings demonstrate that macroscopic magnetic
states can be manipulated by tailoring both sample geometry and electromagnetic boundary
conditions under strong-field excitation.

The results provide important insight into nonequilibrium spin dynamics in antiferromagnets and
establish a strategy for controlling ultrafast magnetic responses using intense THz fields. Such control
of long-lived spin precession and nonlinear spin oscillations is expected to contribute to the
development of high-speed spintronic devices and to deepen the understanding of enhanced magnetic

responses near phase transitions.
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Investigation on microscopic mechanism of light-induced anomalous Hall
effects

Shunsuke Sato Tohoku University

Quantum control of electronic transport using light is one of the central challenges in modern condensed matter
physics. In particular, the realization and control of the light-induced anomalous Hall effect provide a promising
route toward optically tunable electronic functionality. While Floquet engineering has been widely discussed since
the theoretical prediction of light-induced anomalous Hall states in graphene, recent theoretical and experimental
studies suggest that multiple microscopic mechanisms, such as geometric phase effects and light-carrier effects,
may compete or coexist in driven systems. A comprehensive understanding of these mechanisms remains
incomplete.

This project aims to clarify the microscopic origin of the light-induced anomalous Hall effect through an
integrated theoretical and experimental approach. On the theoretical side, calculations were performed for driven
graphene systems using a quantum master equation framework that incorporates dissipation and relaxation effects.
We focused on the excitation-frequency dependence of the light-induced anomalous Hall conductivity, especially
in the low-frequency regime, where scaling behavior provides crucial information about the dominant microscopic
processes. These analyses extend previous theoretical proposals of the photo-carrier mechanism and provide a more
realistic description of nonequilibrium steady states in driven solids.

In parallel with these theoretical studies, collaborative discussions and numerical modeling were carried out in
connection with terahertz (THz) emission experiments on magnetic metamaterials. Optical generation of spin
currents is of particular interest for ultrafast spintronics due to its intrinsic speed and spatial selectivity. Experiments
were performed on patterned Co/Pt multilayer structures with broken spatial inversion symmetry and out-of-plane
magnetization. By varying the relative angle between the incident laser polarization and the structural symmetry
axis, THz emission signals were measured and analyzed. The observed angular dependence and magnetization
reversal behavior indicate that both structural inversion symmetry breaking and time-reversal symmetry breaking
contribute to spin-current generation.

Finite-difference time-domain (FDTD) simulations revealed that even linearly polarized incident light can induce
circularly polarized near-field components around structural edges. Incorporating these near-field components into
a theoretical model successfully reproduced the experimentally observed angular dependence of the photocurrent
and spin current. The results suggest that linear and circular polarization components in the near field act through
magneto-galvanic effects in inversion-asymmetric electronic systems, governing the light-induced spin-current
generation in magnetic metamaterials.

Through this combined theoretical and experimental effort, the project advances the understanding of light-driven
transport phenomena and establishes a framework for controlling charge and spin currents via optical excitation.
These findings contribute to the development of next-generation optoelectronic and spintronic technologies based

on nonequilibrium quantum states.
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High-harmonic generation in magnonic systems with topological edge states

Hideaki Obuse Hokkaido University

Quantum information science has advanced rapidly in recent years, however, existing qubits
remain highly sensitive to environmental noise and decoherence, limiting scalability and fault-
tolerant operation. Magnons—the quantized excitations of spin waves in magnetic materials—have
attracted attention as potentially robust quantum states due to their relatively weak coupling to
thermal environments and the possibility of room-temperature operation. Beyond quantum
computation, magnons also offer prospects for low-power spintronic devices, connecting quantum
and classical information technologies.

In photonic quantum technologies, nonlinear optical processes such as parametric down-
conversion and four-wave mixing enable photon-pair generation and entangled states. By analogy,
magnon-pair generation through nonlinear magnetic responses to a single intense external magnetic
field could provide single-magnon sources and entangled magnon states for quantum information
applications. Such an approach offers a conceptually ssimple and potentially scalable aternative to
complex hybrid quantum architectures. Although hybrid magnon systems have been studied
extensively, nonlinear pair generation driven directly by a strong field remains largely unexplored
both theoretically and experimentally.

This project establishesatheoretical framework for magnon-pair generation and explores nonlinear
magnetic responses in antiferromagnets using intense terahertz (THz) magnetic-field techniques.
Theoretical analysis of one-dimensional antiferromagnetic spin chains with anisotropic exchange
revealed topologica edge states via the Holstein—Primakoff transformation and clarified their
connection to electronic topological models known as the Su-Schrieffer-Heeger (SSH) model. The
interplay between topology, symmetry, and nonlinear response functions was further examined,
demonstrating enhanced higher-order effects associated with oscillating dynamics between two edge
states beyond the rotation-wave approximation.

Experimentally, intense THz magnetic fields were generated using spiral resonators with antennas,
and magneto-optical sampling on terbium—gallium—garnet confirmed pulsed magnetic fields up to
0.96 T. These experimentally validated strong-field conditions provide a quantitative basis for
accessing nonlinear magnetic regimes relevant to magnon-pair generation. Together, the theoretical
insights and experimental capabilities open new directions toward magnon-based quantum
information science, ultrafast coherent spin control, and future functional quantum and spintronic
device applications.
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Integrating Omics Data and Module-based Network with Deep
Learning to Develop Cancer Type Predictive Models

Jnn-Moon Yang National Yang Ming Chiao Tung University

Objective. In biomedicine and bioinformatics, classification and prediction of cancer
subtypes have been an important research topic. Indeed, various machine learning
methods have been devel oped for that purpose. However, many existing studiesfocus
on specific cancer types, and thusit is needed to explore mechanisms across multiple
cancer types. To thisend, it is crucial to analyze the topology of biological networks,
biochemical progressin cells, interactions among cells, and structural information of
relevant proteins. Therefore, it is important to develop integrated analysis methods
for omics data and multiple types of biologica networks. Although various studies
have been done, currently available approaches are not yet satisfactory.

In this project, we will continue our collaboration to extend our previous approach
(Lin et a.: J. Bioinform. Comput. Biol.,17:1940005, 2019) to include other kinds of
omics data, such as genetic and metabolic networks as well as PPIs (protein-protein
interactions) and protein structures. To this end, we plan to extend and combine our
deep learning-based methods (Wang et al.:Scientific Reports, 12:229, 2022) and our
dense subgraph-based methods (Li et al.: BMC Bioinformatics, 23:431, 2022).
Furthermore, we plan to apply matrix factorization framework to integrate multiple
types of omics data and to use large language models (LLMs) to obtain feature
vectors from protein sequence and structure data.

Results. To capture an overview of LLM methodsfor analyzing protein sequence and
structure data, one graduate student in ICR performed a survey on these LLMs.
Another graduate student in ICR also examined the possibility of application of
matrix factorization to analysis of omicsdata. However, it isfound that we need much
more time and effort to make effective use of such technologies.

To closely discuss extension of our previous approaches with introducing recent Al
technologies including generative adversarial networks, LLMs, and autoencoders,
one Ph.D student and one research assistant of Prof. Yang's L aboratory will visit Prof.
Akutsu’'s Laboratory for about two weeks in February-March, 2026. We hope that
this visit will lead to fruitful discussions and contribute greatly to the progress of
research.
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Developing machine learning approaches for prediction of protein
stability changes upon missense mutations

Jiangning Song Monash University

Objective. It is significantly important to predict the stability of a protein against
mutations because it is known that even a single missense mutation of an amino acid
can change its structure and stability, and missense mutations can be harmful to the
health and disease-related by causing changes in the stability of a protein.
Accordingly, accurate estimation of protein stability change (AAG) measured as
Gibb's free energy change is critically important, and thus many methods have been
developed to date. However, the resulting accuracy of such methods is not yet
satisfactory. Therefore, we have been devel oping novel machine learning methods to
address this problem, by combining state-of -the-art machine learning techniques and
various types of informative protein sequence and structural features. Our team has
successfully developed various methods/tools for analyzing protein sequence data,
which include PROSPER, iLearn, iProt-Sub, Cascleave, and PROSPERous. The
main purpose of this project isto continue and extend our development for prediction
of protein stability change.

Results. We developed SFMNet, a powerful deep learning model for prediction of
protein stability change, constructed with graph neural networks-based multiway
feature extractors and a new context-aware selective fusion module that jointly
leverages the sequence, structural, and evolutionary information [1]. This novel
neural network architecture enables SFM-Net to effectively and selectively use
features from different sources to facilitate binding affinity change prediction. We
also conducted benchmarking experiments and targeted ablation studies. The results
illustrate the effectiveness and robustness of our method for improving the binding
affinity change prediction. Furthermore, we have made the code publicly available
via: https://github.com/L1U-CT/SFM-Net.

Publication

[1] C. Liu, S. Cai, T. Pan, H. Ogata, J. Song, T. Akutsu: SFM-Net: selective fusion of
multiway protein feature network for predicting binding affinity changes upon
mutations. Journal of Chemical Information and Modeling, 65(7):3854—3865, 2025.
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Marine giant viruses functional profiling
Eric Pelletier CEA/Genoscope

In order to build from recent research from the two cooperating labs involved in this
project (i.e. expertise in host-giant viruses interactions on ICR side and expertise in
metabolic modelling of unicellular eukaryotes on CEA/Genoscope side), we explored the
feasibility of modelling the impact of viral genes on host metabolism, and the various
approaches to improve this modelling, making use of the various existing resources in
each team.

The main axis is to expand the metabolic modelling system recently developed for
unicellular eukaryotes [Burel et al., 2025] to achieve a good representation of giant
viruses metabolic genes, and to ensure a correct modelling of their impact on the virocell.
First attempt was conducted based on the Phaeocystis globosa model (host alone and host
& 14T virus) aswell as acandidate host-virus pair identified within 7ara Ocean genomic
data. In both cases, adding viral genesto the global set of genes of the virocell resulted in
more reactions and more metabolites included in the model, and modifications of the
predicted fluxes of metabolites within the system. The set of added reactions agrees with
what is expected (modification of dNTP pools and lipids metabolisms). These
encouraging preliminary results led us to set up a plan for better inclusion of giant virus
biological activitiesin the PhotoEukStein (PES) system. We explored methods to achieve
a good representation of viral metabolic genes in the PES model, based on better KO
assignation and inclusion of viral genesinto the reference PES protein database. A second
step will require remote homology identification of viral metabolic genes candidates and
addition of the corresponding reactions into PES. A working plan for these two
developments have been defined and will be implemented in the next months through
collaboration between the two partners.

Aside from this main axis, contact was taken between Dr Pelletier and Dr Tamura (in
ICR), to develop the usage of PES-derived metabolic model for Phaeodactylum
tricornutum, a common model microalga, to explore metabolic optimization of this host
to favor specific metabolites production in a biotechnological approach. No doubt that
further collaboration between the two teams will happen in the near future.

Burel, M. et al. (2024) ‘Towards an omics-based definition of unicellular eukaryote

phototrophs functional traits via metabolic modelling’. bioRxiv, p. 2023.05.22.541783.
Available at: https://doi.org/10.1101/2023.05.22.541783.
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Dynamics of marine plankton cell lysis as revealed by field observation
and mathematical modeling

David Demory CNRS

Objectives

Protists and viruses are essential components of the microbial community and play
important roles in the ecosystem and biogeochemical processes in the ocean. However,
the effects of viruses on lytic cell mortality of the eukaryotic community are not well-
investigated dueto the lack of detection methodswith sufficient sensitivity and taxonomic
resolution. This study aims to combine global-scale metagenomic data and mathematical
modeling to refine the dynamics of marine plankton and virus communities. We also
generated a new dataset to quantify plankton cell lysis at the molecular taxonomic level.

Methods

| generated epidemiological models to predict the global distribution of marine
phytoplankton Micromonas based on their thermal responses. Abundance profiles of
marine Micromonas generated by Dr. Endo (ICR partner researcher) were used to test the
performance of my mathematical models.

Aside from this analysis, | recently collected RNA samples from the Atlantic Ocean to
evaluate taxon-specific cell lysis of microeukaryotes. For these samples, Dr. Endo
performed extractions and sequencing of cellular and cell-free ribosomes derived from
the microeukaryotes.

Results

The mathematical model successfully predicted the actual presence/absence patterns of
Micromonas clades. We published these results in an international journal in 2025.
Asfor the Arctic Ocean sample project, | received good-quality sequencing data, and the
bioinformatics analysis is ongoing. Dr. Endo and | will continue to collaborate to clarify
the dynamics of marine plankton and viruses based on meta-omics and modeling
approaches.

Publications

» Demory D, Endo H, Baudoux A-C, Bigeard E, Grimsley N, Simon N, Ogata H, Weitz
JS. Temperature-driven biogeography of marine giant viruses infecting the
picoeukaryote Micromonas. ISME Commun. 5(1), ycaf137 (2025)
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A Study on Optimal Transport for Learning with Graph Structured
Data

DAl HAI NGUYEN Hokkaido University

Objectives

This project addresses multi-objective optimization over spaces of probability measures,
motivated by applications in graph learning and chemistry, such as chemical compound
generation, where multiple chemical properties must be optimized simultaneously. We
aim to leverage Wasserstein geometry and tools from optimal transport theory to develop
principled and scalable methods for multi-objective distributional optimization.

Theory and Method

We proposed Multi-objective Wasserstein Gradient Descent (MWGraD), a gradient-
based algorithm for jointly optimizing multiple objective functionals over probability
distributions. A key challenge in this setting is gradient conflict, where objectives with
large gradients dominate the update direction, and hinder the progress on other objectives.
MWGraD resolves this by aggregating Wasserstein gradients using dynamically adjusted
weights obtained by minimizing the norm of the combined gradient, yielding aprobability
flow that balances all objectives.

Outcomes

We achieved both theoretical and empirical results. Theoretically, we established
convergence guarantees for MWGraD under approximate gradient computation,
characterizing both the ideal convergence rate and the impact of gradient approximation
errors. Empirically, we evaluated MWGraD on multi-task learning problems using real-
world datasets, showing that MWGraD consistently outperforms competing methods,
demonstrating its effectivenessin practice.

Publicationsand Oral Presentation

D. H. Nguyen, A. Nakamura and H. Mamitsuka, Multiple Wasserstein Gradient Descent
Algorithm for multi-objective Distributional Optimization. Proceedings of the 41
Conference on Uncertainty inArtificial Intelligence (UAI 2025) (Proceedings of Machine
Learning Research (PLMR), 286), 3182-3199 (2025).
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Control and Analysis of Complex Networ ks via Probabilistic Minimum
Dominating Sets

Jose Nacher Toho University

Objective. It is important for understanding the mechanism of living organisms to
analyze biological networks formed by various types of molecules (e.g., proteins,
chemical compounds, DNAS). To this end, we have been conducting studies on
controllability of various types of biological networks. A key challenge in network
control is dealing with edge failures and uncertainties in molecular interactions,
especialy in directed probabilistic networks. Accordingly, we proposed the concept
of the probabilistic minimum dominating set (PMDS), by extending the minimum
dominating set (MDS) in graph theory. We also developed a method for classifying
the nodesinto three categories (critical, intermittent, and redundant) based on PMDS.
However, the method could not handle large-scale biological networks. To address
thisissue, we will develop faster methods using several heuristics.

Results. We developed anovel method for classifying the nodes into three categories
based on PMDS. To efficiently identify control categories, we use a preprocessing
step based on four mathematical propositions that capture a large fraction of control
nodes, and then the remaining nodes are identified using an integer linear
programming (IL P)-based al gorithm. The method was applied to analysis of ahuman
intracellular signal transduction network and the results suggest that critical control
nodes are associated with key biological features and perturbed gene sets, including
SARS-CoV-2 targets, Type 1 Diabetes Méllitus, and rare diseases like cytokine
receptor deficiency [1]. In addition, we developed a preliminary version of the
method for identifying critical nodes in undirected networks based on the maximum
matching framework [2].

Presentations

[1]_J. C. Nacher, Y. Tokuhara, M. Schwartz, T. Akutsu: Efficient identification of
critical control nodes in probabilistic directed networks and their associations with
disease genes, International School and Conference on Network Science 2025
(NetSci 2025), 2025.

[2] H. Nozaki, K. Tsuchiya, T. Akutsu, and J. C. Nacher: Network analysis of
intercellular protein networks, 2025 12th Int. Conf. Biomedical and Bioinformatics
Engineering (ICBBE 2025), 2025.
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1 Wenwen Liu, Komei Nagasaka, (7 474 1), Yosuke Nishimura, Hisashi Endo, Yusuke Okazaki,
Hiroyuki Ogata. “Giant viruses specific to deep oceans show persistent presence and activity.” mSystems
€00932-25 (2025)

2. VRS B, AEME LA BRSNS RTENER IR — A 2 5 ) LT —Z LRSI T DFE
BIZI8 5. 5 48 Bl H Ay AW RF S Bk, 2025124
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Elucidation of host-giant virus interaction using transcriptomics of giant
virus-infected acanthamoeba cells

Masaharu Takemura Tokyo University of Science

[ Introduction ] Giant viruses are dsDNA viruses classified within the phylum Nucleocytoviricota,
characterized by larger genome and particle sizes than typical viruses. They remain one of microbiology's
great mysteries, with many aspects of their ecology and infection mechanisms still unknown. In 2021,
Takemuraisolated anovel mimivirus, Moumouvirus lavasanguinem, from apond on the Gakushuin University
campus. M. lavasanguinem exhibits an intriguing characteristic not previousy observed in giant viruses: it
induces resistance or persistent infection in infected acanthamoeba. Therefore, we decided to perform
transcriptomics on acanthamoeba that acquired resistance (or established persistent infection) to M.
lavasanguinem (hereinafter referred to as resistant strains). By comparing these resistant strains with normal
acanthamoeba, we aimed to identify genes expressed in the resistant strains and elucidate the molecular basis
of this resistance.

[ Materials and methods] Acanthamoeba was cultured using PYG medium by standard methods. After
infecting the cellswith M. lavasanguinem, they were statically cultured for approximately one month to obtain
resistant strains. Total RNA was extracted from these resistant strains, normal uninfected acanthamoeba, and
acanthamoeba at 5 and 10 hours post-infection with M. lavasanguinem using the Qiagen RNeasy® Mini Kit.
RNA-seq was performed on the resulting raw data. Transcriptomics was then conducted to investigate gene
expression profiles specific to the resistant strains.

[ Results and Discussion] The results revealed that, while many genes known from previous analyses to be
specific to M. lavasanguinem—primarily those related to multiple types of membrane proteins—showed no
characteristic changes, many genes specific to acanthamoeba genes exhibited characteristic fluctuations.
Increased expression of genes likely involved in pathways centered on phagosome and |lysosome responses,
and decreased expression of genes likely involved in pathways related to ribosomes, DNA replication, and
nuclear-cytoplasmic transport were observed. These results suggest a tendency for increased expression of
genesrelated to the intracel lular membrane system in resistant strains, though the details remain unclear at this
stage. However, previous studies have obtained electron micrographs showing that in resistant strains, the
maturation of the viral factory of M. lavasanguinem is arrested at the early to mid-stage of formation, with the
rough endoplasmic reticulum surrounding it, suggesting a connection to this phenomenon. In the future, we
plan to revisit our hypotheses based on these findings and explore new analytical approaches, including
knockout studies of genes showing altered expression patterns.

[ Achievement]

O Masaharu Takemura, Jwan Bae. Giant viruses of the phylum Nucleocytoviricota induce unexpected
behaviorsin infected cells. Symposium “Artificia cell and boundary between living and non-living matters’

on the 63rd Annual Meeting of the Biophysical Society of Japan, Nara, 2025.9.25.

_33_



2025-34

WERLEAMTI ) U F 2T ) MIBEOCHTTA VA
[SAVATALIVA|] OER

BRAEL  fEIRRN RO

AR SEHE S L 7o RS 72387 Metagenome—Assembled Genome f#EHT DG S, FizeD THIHAMED AR
DEEDTANA [INVATA A PRS2, IVATA VAL, B G EG fRH)E 1z
EHETHRPOFRBIIES RS, ZOEREBFNEEINNIFEFICRE N E FRIN TN D,
SHIZ, TDOT ) DIV ANADZIE S D LALEE TH 2 2 >0 " KE DNA 7 A /L 28 (7
271 RO A VR E ST R 7 A L2380 W7 OBABHRHE A RO Z E BB LN > TR,
TN OMMENZ AT 5 ETHEER VA NVATH D,

2023 4E, JRAEAM TSV o F 2T OF ) LT vy TATF—=ENS DT A NVADEERS
J LSRR EN, TV U F 2T RHREED D THLZ EBRHLNI -T2, TEV T
2 T1E AT A N VERECE T DR ERMFVEAEY T, IDRBERRICR O TEE
fEE L L TR SN TN D, HFEEIXIZNE TCOMRENLZHERTEY U F 2 THRERFF L T\ 5,
F T, ABIRBETIE, 28k (980 0 F 2T BROS ) Mgt a e LT, BBl Y A v
ARE TINATA N Ot - ZRRMEfT 2 E T2 2 L 2 BN & L,

ARETIE, eV FaT0FEI0E (8L-IVORMERZET) O 18 FERKIZOWT, ¥
a— M) =R B LT ) AT v INT — 2R LT L, INA VA NVARKRD T 7 F v
DRI L OSBRI 21T - T2,

10 B 18KRDT ) AT v T NEFEN L 15 KRD 7 ) A)nn 38 fEHD VA 7 A /LA MCP (ma jor
capsid protein) REBR VT ZIHALTZ, ZNDDOEH|EBEHD I VAT A LA L ORHEIR % ffEHT
L7 ZA, HBOFTHBMHENZEND Z EXHLNICRoTc, Flo, TNOLORGEKRE T E
Vo F 2T ORMBERICIT—EOMHBEBENAHE I N, Z0ZLiX, JEI v FaFlInAy
A VA DBMRPR BN R WEIRIC D72 > THkSE L . ERERNIZIAS 3T DICE 72 2 & &R
LTW%, —HT, INATANADY TFIVBFER IR S TR E LT Z L1, W& OB
FREDEAR 2 b O TIERNZ L BRI L TR Y . IR T A )L ZADRKYE DAL « HERFHAE & PR
T 5 ECHBRRWER & e o7z,

EBIC, AR L= 3RO T ) LT e TVT =21, INVATANA EMEEOE N
ORF Z &7, va—h)— ROy B I7RPEIRVI ST 4 7 HHER S, T b OO
PICIEEDE W I NV AT A VAPFLEL TS Z ENRTRINT, 5%, T OEEREM 2 HBE
L. SINATANVADRLFAERSEOAT 52 LTk, UANVAGHROES, IO 7
IV IR IR~ DL FEBR D FEBL A BT,

_34_



2025-35

PR BT X D EMR O AW 3 O LB AT
RE—k HIEHERS

AR AR ORRSCAR BB AFAE T DI DMNE D H 53 W & (et U, A PENEIC BB e e B A F5D 2
EMHLNIR>TWD, LU S, (ER ORI EIR DAY ORI T T4
RACOWTIIRMEAZRE 503, NAERITAEMIENIZERT 5 TR ORI TH 5, BEICH
WARNERDPBE SN THWD0, BREAMICEIERAA T TH D, o, 2 AFONEROEIES
BENZOWTIIAAZRER L, ABFFETIE, ROEENEH TH D2 LAFITER L, RRDBREHEE
RO« SEFEN DERI L 72AR DY o 7L 2 AW T, WAERRRIC KT T BASA B & BREE N D 2 4 7
B LT,

[F285r 1] ALMEEIEKETO 3@ CHEF SN R EE 2 LX0HE 1X5E 60 ) OREZHNT, &
BOBWPANERELZ LS EL0ME L, REFr 7V oItk &Y 40 OROWF % K kfk
WL, 55l ECHEOHEE LR AT T2, BONZHERIC OV T, vy — L ETORESCEHTHND
SH LTz, Fle—80Y 7V TIRITS Sl A it 5 & LIRS D o — 0 o ZRT 24TV S04
HIRE 2 ik A 7o, TEKETO 3 552 361T 2 WAER O HEERIE, 23.7~447%L 720 HHIZ K> TR
EL R o T, 3G TS 38 OWNAREN B S, GIRCHENRR L4 22 BEICEIL
Tzo 72 QWEED ITSHEIRD & — 77 o A M DFERL, Setophoma JEX® Pleosporales J& 7% & DIFAEN
WCET, FA—METHD NEDHEL 0 | ZHWNTWDHITH 000 b T BIH TR O BRSO
HIGEWDED LN Z 2D, BERFOEVANAEREBICEEL LFLTND I E2REnz,

A

(8 2] N LOHEBORBIZ LY | B ERPNAERELZZ LS EL0EmAE Lz, 1132
X5 0|, AL VHED AL F 3 AR KU-1025, BL O A AT 3570 5% »HH
A EEELTZ, an=— Y A 0D 20 IS T D Z LN TE T, S LI HOEKIC
DUNTIE, TS SO ERSIENT & BLAST BZRIC KV WREDRIE 21T > 7, FERTEZROTRE L
(2 K DA OfE R, NI K OFERNIZ 61T 2 WAERE #% OB R ZE RITRO b LR Tz, —HONA
EIIEEICL S PEEECHE L2 enb, a AXBIOA 4 L XI0E 2HEBRTESET 2NE
#Cd D ATREMEANRIE STz, — 7T, 2018 4RICHREEKIT O — MR AEPER [ TR S h T& 7
(Eedr) IDATBEES e NAER L IX. IR ZENR D b,

kD Z L b NAREREL, BEOBIG TR, BISRECHER & o Ie RO ER 2 EIS/EH
52 EICEoTRESN TV D EEZ DN, AWETH LI RIT, R vTREZRRHEICRBIT 5 &
A OGO ZEBLT 1) 1 LB 2R SRR L & 70 D L B R B D AWFTEITRERIAIC L0 HEEL N
AW i L2y, ARITKHR S — 7 o —E N TEEO Y o T ONAEE O E 2TV,
AN & AR & AEEMEOBRZMA L TS ZEREELEZ BN D,

_35_



2025-36 ([E )

Fabrication of cellulose nanofiber/polymer monolith composite materials

with 3D cell structures

Steve Eichhorn  University of Bristol

Polymer monoliths possessing a bicontinuous pore/skeleton structure are promising candidates for use as

columnsin liquid chromatography and flow reactors. From apractical viewpoint, scale-up isrequired; however,

bulk polymerization causes shrinkage during polymerization, which often leads to cracking of the polymer

monolith. In contrast, particulate monoliths can be synthesized with high uniformity via suspension

polymerization, a method well suited for large-scale production. In this study, we aimed to fabricate

macroscopic porous structural materials by binding monolith particles with cellulose nanofibers (CNFs).

First, a mesitylene (porogen) solution containing divinylbenzene (monomer), polydimethylsiloxane

(porogen), aradical initiator, and a chain transfer agent was mixed with a 0.1 wt% CNF aqueous dispersion to

form an emulsion. After emulsification, SDS aqueous solution was added as cosurfactant, then Ar bubbling

was carried out. Polymerization was carried out at 65°C for 24 h, yielding monolithic particles. FE-SEM

observation of the particle cross-sections revealed the formation of a bicontinuous porous skeleton. The

particle size of the monoliths depended on the concentrations of CNF

and SDS, and under optimized conditions, relatively uniform

particles with Dy/Dn = 1.1 were obtained. These particles could be g

molded into various shapes by mixing them with an aqueous CNF

dispersion and acetone, followed by drying. Because & &

poly(divinylbenzene) is inherently hard and brittle, forming it into a
free-standing film is difficult. However, binding particles with CNF
enabled the fabrication of composite sheet materials with high
flexibility like paper (Figure 1). When these sheets were cut and
subjected to dynamic mechanical analysisat 100 Hz of frequency, the
storage modulus (E£") were found to improve with increasing CNF
content. In contrast, the £’ decreased under high-humidity conditions
(Figure 2), athough this weakening is expected to be addressed by
addition of paper-strengthening agents such as acrylamide polymers.
This approach allowed the co-assembly of particles of different types
(particle/pore size, chemical structure). These results suggest that the
fabrication method is versatile and has potential for applications in
separation materials and lightweight structural materials.
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Figure 1. Cross sectional image
of the monolith particle/CNF
composite. Inset: single
monolith particle.
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Figure 2. Relative humidity
dependency of storage/loss
modulus of monolith particle/CNF
composite.
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Synthesis of Wide-Surface Molecular Nanocarbons
Chaolumen Inner Mongolia University

Molecular nanocarbons with extended n-surface areas have attracted increasing attention
owing to their nonplanar three-dimensional frameworks, inherent chirality, and intriguing
optoelectronic properties. In this research, these properties are modulated through
structural design strategies such as pentagon incorporation, heteroatom insertion, and
geometrical twisting, which together offer a promising platform for next-generation
organic electronic materials. By these strategies, we have achieved a few research
outcomes which were summarized in four publications.

(1) We reported a m-extension strategy based on a diquinoxaline-fused pyrene,
leading to a red-emissive, twisted aza-nanographene that retains the intrinsic electronic
characteristics of the parent scaffold, including its three-el ectron-accepting capability and
low-lying LUMO level. (Yoshifumi Hashikawa & Chaolumen, et al., Chem. Commun.,
2025, 61, 11401-11404. Selected as Outside Front Cover)

(2) Two chiraly twisted Css Nnanographenes were designed and synthesized via -
truncation of the parent C-s nanographene. Notably, despite possessing the same absolute
chirality, the two products exhibit opposite CPL signs. Computational analyses suggest
that this inversion originates from subtle differences in the relative orientation of the
electric and magnetic transition dipole moments, with the angle fluctuating around 90°.
(Yoshifumi Hashikawa & Chaolumen, et al., Org. Lett. 2025, 27, 7009-7013.)

(3) We further reported a molecular ladder featuring four antiaromatic pentagonal
rings embedded in a twisted backbone with a length of 2.000(1) nm. In the crysta, the
molecules exhibit tight n—r packing with a shortest intermolecular contact of 3.210(9) A,
leading to a maximum hole mobility of p, = 0.035 cm? V-t st in single-crystal organic
field-effect transistors. (Yoshifumi Hashikawa & Chaolumen, et al., Org. Lett. 2025, 27,
8365-8369.)

(4) We aso reported a m-extended 1,1'-binaphthyl incorporating a nor[5]helicene
skeleton, synthesized via an intermolecular SeAr-type reaction of 5,11-di(naphthalen-2-
yl)tetracene. The axially chiral 1,1'-binaphthyl unit exhibitsalow flipping barrier (AG*exp
=17.3 £ 0.52 kcal mol?), resulting in rapid racemization. Accordingly, thisaxially chiral
nanocarbon racemizes even at 0 °C, with a haf-life of 6.63 £ 0.53 h. (Yoshifumi
Hashikawa & Chaolumen, et al., Org. Lett. 2025, 27, 8969-8973.)
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Exploration of aromatic-ring homologue of benzo[c]furan with guanidine
functionality

Davor Margetic  Rudjer Boskovic Institute

Objectives
Synthesis of novel guanidine benzo[c]furan cycloaddition reagents and investigation of their
reactivity for fullerene derivatisation with partner | CR researcher Professor Murata Yasujiro.

Experimental results. Several synthetic alternatives to guanidino-functionalized benzo[c]furan
were explored to prepare the target molecule. The most viable preparation route was a Six-step
procedure starting from 2-iodo-8-nitronaphthalene 1 (Scheme 1), which itself was prepared in
three synthetic steps from 2-amino-1-naphtosulphonic acid by known methods. The key
precursor, a hypervalent iodonium reagent 2, was transformed to the intermediate 8-nitro-2-
naphtharyine, which was reacted with furan in situ. Chemoselective reduction of the nitro group
of 3 to the amino group in 4 was followed by the guanylation of the amino group by high-speed
vibrational milling. Guanylated isobenzofuran precursor 5 was treated with bis(2-pyridyl)-s-
tetrazine (dppt), and the in situ formed benzo[c]furan 6 was engaged in Diels-Alder
cycloaddition reactions with dienophiles. While the [4+2] reaction with N-methylmaleimide
afforded a satisfactory yield of cycloadduct, the cycloaddition reactivity with fullerene was much
less pronounced, and target fullerene cycloadduct 7 was obtained in minor amounts, sufficient
only to spectroscopic detection (*H-NMR) of itsformation. In continuation, asynthetic approach
to linear benzo[c]furan, starting from 2,3-dibromonaphthalene, was explored, and it was found
to be unproductive. An aternative synthesis of 8-nitro 2,3-bissTMS naphthaene as the 2,3-
naphtharyine precursor was devised.

oYy
Noz 1)m-CPBA  NO, NH,
l nTSA, HzO “ . Al.ng ]
2) Mesitylene LlHDMS THF;HQQ @
1

NHBoc NHBoc
NBoc BocN={ Boc

t:‘NfLLNHBo:: 0 | dppt g Cu 4@‘-—\
ball mill @@ cHo, : 0o T I‘ o
‘5"-'9 /4
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Scheme 1

Planned travel and visit to the ICR was organised in September, and aseminar lecture at the
ICR was held on September 12, 2025. The results of the project were also presented as alecture
at the 35" Symposium on Physical Organic Chemistry, Nagoya, Japan, September 9-11, 2025.
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Advancing Molecular-Surgery M ethod for Expansion of Endohedral
Fullerenestowards Novel Applications

[ Jeon Sungkyunkwan University

[ Objectives]  This study proposes endohedral fullerene-based spin qubits as an
aternativeto the Si:P Kane model, addressing limitationsin dopant control, electric-field
sensitivity, and spin coherence. A DFT-based computational platform is developed to
enable low-cost, high-precision screening of qubit materials and support quantum device
design.

[Experimental methods] A standardized DFT framework using VASP was applied to
virtually screen endohedral fullerene qubit candidates. Structurally stable systems were
identified through geometry optimization, and key electronic and spin properties—such
as density of states, spin polarization, magnetic moment stability, and electric-field
response—were evaluated to assess coherence and controllability. Dimer models were
additionally analyzed to investigate spin—spin interactions rel evant to scalable multi-qubit
architectures.

[Results and discussion] The (a) , (b) .
simulation results demonstrate Joam A - oy 3
that endohedral fullerenes offer s sl ®
T il 0.183 . 0 i =
significant advantages over R B e I - & T
conventional silicon-based "7 B |
. . C60 S houo N@C60
qubits by providing strong 2T oz o3 04 o5 2 e o7 oz o3 04 o5
Electric Field (V/ A) Electric Field (V/A)

shielding of internal spins from
externa  electric-field noise, Fig. 1. LUMO and HOMO of a-molecular orbital
resulting in enhanced spin @ - (b) -
stability and coherence (Fig. 1., 1 ” 1 S
Fig. 2.). Several encapsulated

guest atoms exhibited robust
spin polarization and minimal C60 e N@C60

" e ... .. . N—
0.0 0.1 0.2 0.3 0.4 05 0.0 0.1 0.2 0.3 0.4 05

magne“ C moment Varl atl on Electric Field (VI A) Electric Field (VI A)
under applied fields, confirming Fig. 2. LUMO and HOMO of B-molecular orbital

the protective role of the carbon

cage. The dependence of spin response on guest atom type enabled the identification of
promising candidates suitable for controlled spin manipulation via ESR techniques.
Furthermore, dimer structure analysis indicated that controllable inter-qubit spin
interactions are achievable, supporting the feasibility of scalable qubit integration.
Overdl, the study validates DFT-based virtual screening as an effective strategy for
designing next-generation qubit materials and provides fundamental design principlesfor
overcoming the limitations of the Kane model in quantum device applications.
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Elucidation of the mechanism of troponoid-mediated controlled
radical polymerization

Chi-How Peng National Taiwan University

Objectives: Reversible-deactivation radical polymerization (RDRP) serves as an
effective method for synthesizing innovative polymers. Nevertheless, the presence of
transition metal catalysts and residual mediators may pose contamination risks to the
final polymer products, thereby restricting the range of their applications. We have
developed a metal-free approach using troponoids, specifically tropone and tropolone,
to control the radical polymerization. However, the control mechanism has not been
fully rationalized. Therefore, we further studied the troponoid-mediated radical
polymerization (TPRP) of N-vinylpyrrolidone (NVVP) in aqueous phase to gain insight
into the mechanism.

Experimental Methods: The mediator and VA-044 were degassed in a Schlenk flask
through three freeze-pump-thaw cycles, then DI water and dried NV Pwere added under
N2. Polymerization began with stirring and heating the mixture at 40 °C.

Results and discussion: The conditions for NVP polymerization mediated by
troponoids were optimized by adjusting the initiator equivalents. Several features of
RDRP were observed during polymerization, including a linear increase in molecular
weight with conversion, smooth shiftsin GPC traces, and successful synthesis of block
copolymers. The mechanism of troponoid-mediated radical polymerization was
elucidated through chain extension studies, supporting a reversible termination
mechanism. To investigate the transformation of troponoid during polymerization, we
conducted amodel reaction and monitored the reaction using time-dependent *H NMR
spectroscopy. Notably, new signalsat 1.47 and 1.52 ppm gradually appeared during the
reaction and were tentatively assigned to the Tropone-VA044 adduct. Their integration
exhibited a 6:1 ratio, consistent with the methyl protons of the VA-044 moiety (He) and

the o-hydrogen of tropone (Hd). .| "o e
Moreover, the total integration of Sz | i > gf
residual  Tropone and the newly . ., . y!' EE ;-25
formed pesks remained constant and & L1 kel °E

e 1 A
T -'-n'-':'_-'n-' TR e T R T e Time (sec)

equa to the initial Tropone
concentration, strongly supporting the
formation of Tropone-VA044, as
depicted in Figure 1.

Figure 1 (a) Time-dependent *H NMR spectra of the
model reaction and (b) the plots of the change in
concentration of Tropone and Tropone-VA044 during

the reaction
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Exploration of perovskite solar cell composition: Correlating device
performance and fundamental property

Hyunjung Shin  Sungkyunkwan University

Project #1: Thisproject aimsto fundamental propertiesof FAPbIl; perovskitethin films. Circularly polarized
pump—probe (CPPP) measurements were used to compare photoexcited carrier dynamicsin preferentially
oriented (POF) and randomly oriented (ROF) FAPbIs thin films. This approach alows direct evaluation of
polarization-dependent carrier excitation and relaxation, providing insight into the effect of crystal
orientation on carrier dynamics.

In [001]-oriented FAPbIs films, the transient absorption (TA) response shows a clear dependence on the
helicity of the circularly polarized pump—probe configuration (6"~ versus o-¢*). This helicity-dependent
asymmetry indicates the formation of an anisotropic carrier distribution in momentum space, arising from
orientation-induced symmetry breaking and enhanced spin—orbit coupling. In contrast, randomly oriented
films exhibit little to no polarization dependence, as helicity-selective effects are averaged out by random
grain orientations.

These results demonstrate that crystal orientation control is essential for enabling polarization-selective
excitation and anisotropic carrier dynamics in FAPbIs, highlighting its importance for spin- and chiral-
dependent optoel ectronic applications.

Fi?ur.e 1. Spectra of circular
. po arlzatlon—d%?endent pump-probe

(CPPP) and Circular polarization-
- e dlepen lent pump-probe (CPPP) polar
plots

Project #2: This project aims to investigate the undesirable phenomenon in the interface between NiO and
FAPbI ;. Cross-sectional transmission electron microscopy (TEM) reveals awell-defined interface between
the FAPbIs perovskite layer and the underlying NiOy layer. After annealing at 150 °C for 20 min, a thin
interfacial region with contrast distinct from both layersis observed, indicating the formation of amodified
interphase. Selected-area el ectron diffraction (SAED) from thisregion shows diffraction features of FAPDIs
and NiO, along with partial diffraction patterns corresponding to Pbl., providing direct evidence for
localized Pbl. formation due to partial thermal decomposition or interfacial phase segregation of FAPbIs.

With extended annealing at 150 °C for 2 h, additional diffraction peaks corresponding to NH.l (JCPDS
No. 00-006-0174) appear, indicating further interfacial chemical evolution, while no Nil.-related peaks are
detected, suggesting limited iodide diffusion into the NiOy layer at this temperature. In contrast, annealing
at 200 °C for 2 h results in clear diffraction pesks of Nil. (JCPDS No. 00-020-0785), demonstrating that
higher thermal stress promotes interfacia reactions between iodine-containing species and NiOy. These
results establish atemperature-dependent interfacial degradation pathway in FAPbIs/NiO, heterostructures
and highlight the importance of thermal budget control for maintaining interfacial stability and device
performance.

Figure 2. (a) The cross-sectional high-
resolution transmission electron

pr—
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microscopy .SH RTEM) image of the
FAPDI3 thin film (b) The selected area
electron diffraction (SAED) pattern of

position 1. (c) The SAED pattern of
position 2. (d) XRD pattern of NiO/FAI
samples annealed at 150 °C and 200 °C
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Perovskite Device Engineering with Cross-linkable
Hole Transport Materials

Joshy Joseph CSIR-NIIST

Objectives: (i) Design and synthesis of triphenylamine-based, cross-linkable HTMs; (ii)
Material characterization involving detailed photophysics and electrochemistry of newly
developed HTMs; (iii) Device engineering involving p-i-n architecture and its interfacial
modifications leading to devices with reproducible efficiency and stability (at Prof. Atsushi
Wakamiya’s Lab)

Experimental Methods:

To optimize and develop N E?
stable, high-efficiency E? @

- B 4 = B

5 % 5 o 8o
perovskite  solar c?lls v@?@w @’@Q, OGO, g{é@ Qg} o
(PSCs) using @ ‘@“ O 9, 59 v o Y
triphenylamine-based, N aadhas e andias gﬁ P gﬁ
cross-linkable HTMs and _ - -
HTM monolayers, a series Q0 —eq 9 = o Q @
of target molecules (Figure @ 2 YA aYavave

| o, 820 g% g7y

1) was designed and ij e Jd
synthesized. These ; -

Figure 1. Structure of cross-linkable HTMs synthesized.
molecules were obtained in

gram-scale quantities through multi-step organic synthesis at the CSIR-NIIST laboratory and
were thoroughly characterized using 'H and *C NMR spectroscopy and HRMS.
Comprehensive photophysical and electrochemical studies were also performed, revealing
favorable optoelectronic properties compared to benchmark HTMs, thereby establishing their
suitability for PSC applications. Device fabrication and optimization of perovskite solar cells
are being carried out at Prof. Wakamiya’s laboratory. Initial PSCs with a p-i-n architecture
employing cross-linkable triphenylamine-based HTMs have achieved promising PCEs of 15-
18%. Further evaluation of newly synthesized HTMs, along with systematic device
optimization and in-depth device-physics studies, will be conducted during the Indian PIs' visit
to Prof. Wakamiya’s laboratory. This collaboration is also expected to facilitate the Indian
research team's redesign and development of optimized materials and device architectures.
Outcomes: (i) Developed new HTMs with promising optoelectronic properties; (ii) PSC
devices show promising PCEs (15-18%), which need to be further optimized for enhancing the
performance.

Analysis: (i) Synthesis of HTMs and preliminary PSC Device Fabrication completed. Further
optimization is in progress; (ii) Visit of Indian Pl and a PhD Scholar to Prof. Wakamiya’s Lab
is planned during Feb 03 — 14, 2026.

Publications (papers, presentations, etc.): Under preparation
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Synthesis of borane-functionalized azulene derivative and the relationship
between the aggregation state and color

Shigeharu Wakabayashi  Suzuka University of Medical Science

Introduction: Intermolecular boron—nitrogen coordination has emerged as aversatile interaction in supramolecular
chemistry. We have previously demonstrated that borylpyridine-based molecular designs enable the formation of a
variety of self-assembled architectures, highlighting their potential as modular supramolecular building blocks.
Among these systems, the azulene-inserted compound 1 predominantly forms a cyclic trimer (13) in solution.
Structural transformations occurring during self-assembly, as well as subsequent coordination with 4-
dimethylaminopyridine (DMAP), were accompanied by distinct color changes. Trimerization caused a 50 nm blue
shift in the absorption maximum (from 582 nm for the monomeric reference compound 2 to 532 nm for 13), whereas
DMAP-induced disassembly resulted in ared shift to 549 nm, corresponding to the DMAP adduct 3. These spectral
changes were supported by TD-DFT calculations. In this study, we investigate the dissociation constant of the

DMAP-induced disassembly of 13, and itskinetics using in-line visible absorption spectroscopy coupled with aflow

Q0 4
1 N 2 N 3 N

NMe,

microreactor.

Results and discussion: To obtain quantitative insight into this equilibrium, we analyzed the absorbance at
532 nm —characteristic of 13— as afunction of DMAP concentration. The data were fitted to the Hill equation

using nonlinear regression, yielding a dissociation constant

Absorbance (relative)

of Kg=1.71+ 0.26 mM (r2=0.998, AIC = —78.5). Wethen **

01

turned to kinetic analysis, examining the time dependenceof

the DMAP-induced color change of 13 by in-line visible oos

absorption spectroscopy. The reaction progress is shown in ~ **

0.02

Figure 1. Notably, the absorbance at 532 nm decreased

0

. . . . . . 3 500 550 600 B850 700 750 800
steadily with increasing residence time, reaching near- Wavelength / nm
—fd e—T3y e—]035 e—D)]t e—370 e—ills
equilibrium valueswithin approximately 3—4 min. The decay ——138s ——1855 ——277s ——757s ——1237s

. . . . Figure 1. Speciral changes of 1 upon reaction with DMAP in CHCl:
profl le was well fitted to a s ngl e-exponenti a moddl, monitored by in-line analyses.

affording arate constant of kopss = 0.0194 + 0.0015 s (ty2 = 36 s, r? = 0.995).

Outcome report: S. Wakabayashi, R. Kikuchi, H. Soutome, M. Takumi, M. Wakioka, T. Higaki, H. Nakanishi, Y.
Ohki, A. Nagaki, The International Chemical Congress of Pacific Basin Societies 2025 (PACIFICHEM 2025),
Honolulu, Hawaii, USA, 2015.12.
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Development of novel chiral silica based on controlling of hierarchical
structure

Tomoyasu Hiral  Osaka Institute of Technology

Controlling a polymer with aflexible main chain such that it has the preferred handed-helical structure
is still difficult. Previously, the helical conformation in polyhedral oligomeric silsesquioxane (POSS)-
containing polymers was controlled by mixing a small amount of chiral dopant with the polymer'™. The
helical structure thus obtained is a so-called dynamic helical structure. In contrast, the introduction of
chiral molecules to a polymer via covalent bonding gives rise to a stable helical structure known as a
“static helical structure.” However, attempts to control the helicity of a POSS-containing polymer such
that the formation of the preferred-handed static helical structure is accomplished have not yet been
reported.

We designed and prepared novel approach to synthesize polymethacrylate-functionalized polyhedral
oligomeric silsesquioxane, which has seven vinyl groups (PMAvinylPOSS) that enable the introduction

of functional molecules via a post- g b) 6.0 4.0

L _ 1. — PMA-(L)-CysPOSS e
functionalization reaction. As the *t_f;}“ 5.0/ 2. — PMA-(D)-CysPOSS o
. ) 4 240 :
vinyl group generally reacts with 37058 g 1.0

{9 \51? 93.0 0
; |t ]

®
oy
g
. . Rk %g s 8
radical species, we present the ns&o,‘)o 220 1.0 %
= 20 5
preparation of PMAvinylPOSS using m&g_ ”’_lj_\’_«_/\ S0 "
=0 0 -4.0
anionic polymerization and explore * 2000 1800 1600 1400 1200 1000
Wavenumber/cm™
the living nature of the ; ] l THI
polymerization. We also demonstrated Y i
the successful post-functionalization {

via athiol-ene reaction, which lead to

the formation of a preferred-handed

static helical conformation. . -+
Furthermore, we reveal that the helical ) .
Figure 1. a) Chemical structure and b) VCD spectra of PMA-

conformation is retained during the
g CysPOSS. ¢) and d) TEM image of chiral silica prepared from

calcination process, resulting in chiral , ,
enantiomeric PMA-CysPOSS.
silica with a helical structure (Figure

12,

[1] Hirai, et al., JACSAu 2021, 1, 375-379.
[2] Hirai, et a., Macromolecules 2025, 58, 6534-6542.
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Fig. 1. (a) Chemical structures of the model compound TAPPy-TA COF and corresponding monomers. (b, c) 2D
GIWAXS pattern and cross-sectional SEM image of a TAPPy-TA COF film prepared via the solution-deposition—
polymerization approach developed in this study.

[BcR#E#&] (1) Yamazaki, S. et a. Chemiresistive Sensing with Oriented Covalent Organic Framework
Films Prepared via a Solution-Deposition—Polymerization Approach. 2025 KJF International Conference
EA Son Organic Materials for Electronics and Photonics (KJF-ICOMEP 2025), Aug. 2025. (2) Haze, S. et .
Crystallite Orientation in Covalent Organic Framework Films Prepared through a Solution-Deposition—
Polymerization Approach. The 12" East Asia Symposium on Functional Dyes and Advanced Materials
(EASI2), Sep. 2025. (3) Il 22132, BATEAIC X Y B L 72 A S A SR IC B T 2 51
WG & RSB RE L OB, 55 15 [ CSufbaE 7 = X X 2025, 2025 4F 10 H.
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, . . S-S ,60°C , 24 h ENA SN
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- 5 s~ S 2. ACOH, 15 min s VT, s T,
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1) H. Tang, Y. Liang, C. Liu, Z. Hu, Y. Deng, H. Guo, Z. Yu, A. Song, H. Zhao, D. Zhao, Y. Zhang, X. Guo, J.
Pel, Y. Ma, Y. Cap, F. Huang, Nature 2022, 611, 271. 2) J. Xie, S. Ewing, J.-N. Boyn, A. S. Filatov, B. Cheng,
T. Ma, G. L. Grocke, N. Zhao, R. Itani, X. Sun, H. Cho, Z. Chen, K. W. Chapman, S. N. Patel, D. V. Talapin,
J. Park, D. A. Mazziotti, J. S. Anderson, Nature 2022, 611, 479. 3) K. Ueda, R. Fukuzaki, T. Ito, N. Toyama,
M. Muraoka, T. Terao, K. Manabe, T. Hirai, C.-J. Wu, S.-C. Chuang, S. Kawano, M. Murata, J. Am. Chem.
Soc. 2022, 144, 18744. 4) R. Yura, T. Itoh, M. Ishihara, D. Suzuki, Y.-C. Kuo, S. Nagata, T. Yumura, S.
Hosokawa, M. Murata, Y. Nonoguchi, J. Mater. Chem. A 2025, 13, 33685.
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Resolving Pre-GOE Oxygen Whiffsand Post-GOE Redox State of
Paleopr oter ozoic Oceans through Mo and W isotope Analyses of
Sedimentary Rocks of the Dharwar Craton

Gurumurthy G.P.  Birbal Sahni Institute of Palagosciences

Molybdenum (Mo) and tungsten (W) provide valuable insights into the evolution of
ancient marine depositional environments. Their geochemical behaviour is strongly
controlled by the oxidation state of the water column, sulfur availability, hydrothermal
activity, and interactions with iron-bearing phases, making them important proxies for
reconstructing palaeoredox conditions. In oxygenated environments, they occur as
soluble oxyanions, whereas under reducing conditions they become scavenged into
sediments through adsorption onto Fe-Mn oxyhydroxides, incorporation into sulfide
minerals, or association with organic matter. Molybdenum has been extensively used as
a proxy for euxinic and anoxic conditions due to its strong enrichment in organic-rich
black shales deposited under sulfidic bottom waters. While, tungsten has emerged as a
promising proxy for ferruginous and hydrothermal systems, particularly in Precambrian
oceans where widespread euxinia was limited. The combined application of Mo and W
concentration and their isotope ratios for understanding the links between ocean
chemistry, climate evolution, and biogeochemical cycling through geological time. Inthis
study, Mo and W concentration and their stable isotope ratios were measured to study the
evolution of redox conditions in the marine sediments during the Precambrian. The
project is part of the ongoing research collaboration with Prof. Yoshiki Sohrin and Dr
Mahboob Alam, Institute of Chemical Research (ICR), Kyoto University, Japan. The
sediment samples were acid digested with HNOs and H20: followed by HF in microwave
digestions system (200°C for 1hr). The digestion involved multiple steps to repeated
microwave heating to achieve complete digestion. The digested samples were dried and
redissolved in HCl. Mo and W were purified through two step chromatography involving
TSK-8HQ and anion exchange resin (AG1 X8 resin). The purified Mo and W solutions
were spiked with Ru and Re, respectively for isotope ratio measurement. To validate the
analytical protocol, certified geological reference materials IMS1 and JMS2 were
processed alongside the samples. The stable isotopes of %Mo and §'%W were measured
in Neptune plus MC-ICP-MS, at the Research Institute for Humans and Nature (RIHN).
The stableisotope ratios of %Mo and 5'8W have been acquired for about 25 sedimentary
rocks. The measured dataset is currently being interpreted to discuss the palaeoredox
conditions and the development of variability in oxygen minimum zonesin the geological
past. The results will be published jointly in peer reviewed journal.



2025-52 ([E )

Trace metal elemental and isotopic composition in the North Pacific Ocean:
sources and internal cycling (5)

Tung-Yuan Ho Academia Sinica

Objectives:
The major objective of this extended joint study is to investigate the sources and internal cycling

mechanisms of trace metals in the water column of the Northwestern and subarctic Pacific Ocean
and to evaluate the impacts of aerosol trace metals on the cycling processes of material in the
region. Prof. Yoshiki Sohrin is my host at ICR, Kyoto University.

Methods:

We have collected particulate samples in the subarctic Pacific Ocean through the Japanese
GEOTRACES GP-02 program, in collaboration with Prof. Yoshiki Sohrin and Hajime Obata.
My laboratory has also collected size-fractionated aerosol samples at Penjia Islet in the East
China Sea. The elemental and isotopic compositions of trace metals in suspended particulate
matter (SPM) and aerosol samples were determined using HR-ICPMS and MC-ICPMS. Detailed
descriptions of the analytical procedures can be found in our previously published papers.

Results and Discussions:

We have completed all measurements of various trace metal concentrations and Fe isotopic
compositions in the GP-02 SPM samples. Currently, we are preparing a manuscript focusing on
the Fe elemental and isotopic composition in plankton assemblages (Ho et al., in prep.). In
addition, Drs. Hsieh and Lu visited Prof. Sohrin’s laboratory in February 2025 for one month, in
which they completed the pretreatment and elemental analysis of aerosol samples. These new
findings will be presented at the Goldschmidt 2025 Conference and are currently being prepared
for publication.

Publications:

Prof. Sohrin and I, along with our laboratory members, have maintained close collaboration on
the proposed topics. Over the past 5 years, our joint efforts have resulted in the publication of 5
peer-reviewed papers. In addition, 3 more collaborative manuscripts are either under review or
currently in preparation. Below is a list of the newly prepared and submitted manuscripts:

Sohrin, Y., L.J. Zheng, C.-Y. Chan, Y. Nakaguchi, S. Takano, R. Sohrin, W.-H. Liao, and T.-Y.
Ho (2025) Acid-leachability of metals from suspended particles in the Pacific Ocean (under
review)

Ho, T.-Y., W.-H. Liao, C.-C. Hsieh, K.-F. Huang, S. Takano, Y. Sohrin, and Hajime Obata
(2025) Fe quota and isotopic composition of phytoplankton assemblages in the subarctic
Pacific Ocean (in prep.)

Hsieh, C.-C., S. Takano, K.-F. Huang, Y. Sohrin, and T.-Y. Ho (2025) Tracing Fe sources in
size-fractionated aerosols from the Western Philippine Sea by using elemental and isotopic
composition (in prep.)
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Chain orientation in single electrospun fibers: diameter dependence and
correlation with mechanical properties

Chi Wang National Cheng Kung University

Background and objective

Biodegradable P(3HB) is strong but brittle because of high crystallinity and secondary
crystallization. We identify how 3HH copolymerization improves ductility by resolving
structural changes from the lamellar to submicron hierarchy during stretching.

Experiment

Unoriented press sheets of P(3HB) and P(3HB-co-11 mol% 3HH) were drawn uniaxially at
room temperature (1 mm min1). USAXS/SAXSWAXS were measured in situ at SPring-8
BLO3XU.

Key Finding

Initial state: P(3HB) formed thick crystaline lamellae, regular stacks, and spherulites
densely filled with fibrils. The copolymer had lower crystalinity and long-range crystal
order, thinner lamellae, and looser fibril packing.

Near yield: P(BHB) yielded at 2.38% strain and showed astrong “abnormal butterfly” pattern
in USAXS. It reflects large stress heterogeneity and density fluctuations on the submicron
scale, followed by nanovoid formation and early fracture.

The copolymer yielded at 6.74% strain. Its butterfly pattern was weaker, while deformation
proceeded through coarse dlip and mechanical melting. A beta form developed after yield
from chains extracted from alpha crystals, allowing drawing to continue after void formation.

£
3

P(3HB) homopolymer

P{IHB-co-11mol%-3HH)

Fig. 3Summary schematic of hierarchical-structure model. 3HH copolymerization suppresses
crystallization and reduces crystal stability, thereby moderating local stress concentration from the
lamellar to submicron scale.

Conclusion

3HH incorporation does more than ssimply reduce crystallinity: it reorganizes the lamellar—
fibrillar—spherulitic hierarchy and disperses stress. Thisweakens heterogeneous deformation
around yield, prevents rapid fracture, and substantially enhances the ductility of P(3HB).
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I maging of Block Copolymer Morphology with Small Angle X-ray
Scattering

Byeongdu Lee Argonne National Laboratory

My research focuses on advancing x-ray imaging technigues to study complex
material systems. Recently, my group developed a method combining Xx-ray
ptychography and small-angle x-ray scattering (SAXYS) to visualize DNA-programmable
nanoparticle assemblies. These complementary techniques offer low-resolution real-
space and high-resolution reciprocal-space information, respectively. While initially
demonstrated for gold nanoparticle assemblies, this approach has the potential to be
applied to soft material systems, such as block copolymers.

I haveinitiated collaboration with Prof. Mikihito Takenakato apply advanced x-
ray imaging techniques, including those based on Fourier synthesis, to his block
copolymer systems. As aleading researcher in the field, Prof. Takenaka brings extensive
expertisein block copolymer studies and SAX S applications. Together, we aim to explore
various SAXS imaging methods for visualizing both standard and advanced block
copolymer systems, further pushing the boundaries of this
emerging approach.

In phase 1, we planned to apply my SAXS analysis
software to reconstruct the unit cell structure of novel block
copolymer systems developed by Prof. Takenaka's group.
During this phase, | updated the software for analyzing soft
materials. Figure 1 showsthe electron density map calcul ated

- from one of Prof. Takenaka's SAXS data.

xd 0 ya In phase 2, we anticipate to run samples at the APS
12-1D-E beamline and collect SAXS and imaging dataon the
same sample. Imaging may visualize the heterogeneity larger
than ~100 nm, or its focusing optics can be used for
scattering measurement of structures within the 100 nm
domain. Upon the successful completion of the final phase, we will establish a novel
nanostructure analysis method tailored for soft material systems. This advancement will
have a broad impact across various fields of nanoscience, including colloidal science,
nanoparticle research, molecular science, and polymer science. It will enable more
accessible and accurate nanostructure analysis, allowing researchers to visualize their
systems with greater ease and gain deeper insightsinto the underlying physics.

8 8 3 8

z(A)

e, 2 B M

Figure 1. Electron
density map obtained
from SAXS data
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Elucidation of anti-stokes shifted photoluminescence from lead-based
halide perovskite

Yasuhiro Tachibana RMIT University

Introduction

Metal halide perovskite have recently attracted considerable attention as one of the most promising
materials to be applied for optoel ectronic devices such as light-emitting diodes (LEDs), solar cells and
lasers, owing to their low-cost preparation process and attractive optical properties including high
absorption co-efficient and a band gap tunability. In particular, their photoluminescence (PL) has
attractive optical properties such as high PL quantum yield (PLQY) and anti-stokes shifts. Recently, we
have developed a method to synthesize MAPbDI; perovskite nanocrystals with a PLQY of ~100 %
(manuscript in preparation). The anti-stokes shift of their PL spectra, i.e. higher energy emission band
with lower energy excitation, has been reported.

In this proposal, we aim to identify the conditionsto indicate anti-stokes shifts using steady state and
transient PL spectrometers, and to elucidate the origin of this anti-stokes shifts using fs-ps transient
absorption spectrometers. Professors Teranishi and Wakamiya at the ICR have expertise of developing
metal halide perovskite structures and homogeneous perovskite films, and thus this project in
collaboration with them will lead to innovative outcomes to elucidate the anti-stokes shift mechanisms.

Experimental

(1) Identifying conditions to show anti-stokes shifts

We will observe anti-stokes shifts of PL spectraand transient PL spectra of |ead-based halide perovskite
films using a fluorometer and a home-built transient emission spectrometer. A wide range of excitation
wavelengths and intensities will be employed. Teranishi and Wakamiya will prepare perovskite films,
and characterise film structures by employing X-ray spectroscopy and electron microscopies, while
Tachibana and his PhD student will measure PL and transient PL spectra.

(2) Elucidation of the anti-stokes shift mechanisms

Ultrafast transient species will be observed by femtosecond-picosecond transient absorption
spectrometers. Thetransient datawill be analysed using global and target analysisto identify thereaction
pathways and emission mechanisms. Tachibana and his student will conduct optical measurements.

Results and Discussion

Size tunable CsPbCl; nanocuboids (3~13 nm) with a small size distribution of +1~2 nm were
obtained by modifying synthesis conditions such as precursor or ligand concentration.[1] These
nanocrystals show clear anti-stokes shifts of their PL spectra. We aso found clear anti-stokes shifts of
PL spectra obtained for mixed A-site cation lead bromidef/iodide perovskite film prepared by
Wakamiya's group.

We also found specific recipes can provide pure Cs;Snlg nanocrystal formation. We will summarise
and publish the most appropriate condition to control Cs;Snlsnuclei formation and crystal growth.

We identified the relationship of spin-coating temperature with lead-based perovskite film
morphology and solar cell performance.[2] We have also reviewed the parameters controlling charge
carrier dynamics, and established key parameters to maximise solar cell performance.[3]

Outcomes

[1] Teranishi, Tachibana and co-workers, J. Photopolym. Sci. Technol., 38(5) 369-375 (2025).
[2] Wakamiya, Tachibana and co-workers, ACS Appl. Energy Mater., 8(3) 1437-1445 (2025).
[3] Tachibana et al., Jpn. J. Appl. Phys., 64(5) 050806 (2025).
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I nvestigation of molecule arrangementsin artificially abrupted self-
assembled monolayer s with surface specific spectroscopy techniques

Wei-Ssu Liao National Taiwan University

Objectives In this collaboration with Hasegawa Group, we aim on utilizing the surface
sensitive p-polarized Infrared Reflection-Absorption Spectroscopy (IRRAS) to
gualitatively analyze the conformation of alkanethiol self-assembled monolayer (SAM).

Experimental Methods A unique solvent-sonication-washing (SSW) treatment of
alkanethiol SAMs followed by re-insertion of another akanethiol molecule is first
characterized by IRRAS. In the SSW treatment, the 11-mercapto-1-undecanol (MCU)-
covered Au samples were treated with a 1-min sonication in polar and non-polar solvents.
Finally, the treated samples were immersed in alkanethiol solutionsfor 1 h of re-insertion.
By setting the incident angle of the p-polarized IR source to ~80°, p-polarized IRRAS
allows qualitative analysis of the orientation angles of vibrational groups.

Outcomes and Analysis We first examine the pure MCU-covered Au (MCU) as a
reference (blue solid line), Figure 1. Four peaks are observable, with peaks at ~2922 cm
! (CH2-as) and ~2853 cm! (CH2-ss) being the long carbon chain of MCU (yellow shaded).
Potential environment contamination results in the CHs-as mode as a weak shoulder at
~2964 ct (blue shaded). Another peak at ~2875 cmt (a-CH2-ss) appears much weaker
since there is only one CH2 next to the O-H terminal group (green shaded). For the
SSW-treated sample (orange dashed line), the overall intensity decreases suggest the
removal or orientation difference of the SAMs. Moreover, the CH2-as and CH2-ss peaks
shift towards a higher frequency, indicating a more disordered (gauche conformation)
environment. In the ODT re-insertion sample (green dashed-dot line), the peaks at ~2963
cm? (CHs-as) and ~2875 cm (CHs-ss) indicate the successful re-insertion of ODT.
Moreover, the CH2-as and CH2-ss peaks shift back, pointing to the restored order of SAM.
In short, the SSW treatment can artificially disorder the original monolayer, allowing the
re-insertion of molecules to form ordered mixed SAMs. Further tests on different
substrate pretreatments are planned for molecular packing effect comparison. (The

manuscript of thiswork is under preparation.)

i - Figure 1. Representative IRRAS spectraof SAM on
T AU MCUIAU (blue solid line), post-SSW-treated
MCU/Au (orange dashed line), and post-SSW-
treated MCU/Au followed by ODT re-insertion
o P . (green dashed-dot line). CHz2, CHs, overlapped peaks
50 %0 s e | areshaded in yellow, blue, and green, respectively.

Wavenumber (cm™1)
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Nonlinear Rheology of Dynamically Associative |lonomers

Quan Chen Chinese Academy of Sciences

Nonlinear shear behavior was examined for a representative dually crosslinked
elastomer, poly(vinyl acohol) (PVA)/Borax hydrogel having both permanent and
transient crosslinks, the former due to covalent bonds and the latter sustained by a
complex of the hydroxy group and borate ion. The PVA chain backbone between the
transient crosslinks behaved as the transient network strand partially relaxing on thermal
dissociation and/or mechanical breakage of the transient crosslinks. For comparison, the
nonlinear behavior was also examined for bulk SI(COOH)S block copolymer having
glassy spherical domains of the S block as the permanent end-crosslinks for the | blocks
and the hydrogen bonds between carboxy! groups as the transient crosslinks. The | block
backbone between the carboxyl groups served as the transient network strands.

The nonlinearity can be straightforwardly shear strain
tested under a shear strain yshown in Figure 1: et
The strain yis increased at a constant rate y 0 - « time
fromtimes=0to ¢ = tm, and then kept constant ~_* [vaorax T
a ym= 7t, for t>tm. Theresulting shear stress % 2 e we | ¢ [7C o
o(7) is compared with the linear viscodlastic & .  w=02 |5 L wi-as
(LVE) stress calculated from the relaxation " A ' ey
modulusG(), owe(d) = [y G-r)p(e) dito e e

judgeif thematerial remainsinthe LVE regime.  Figure 1. Test of nonlinearity of PVA/Borax
It turned out that the PVA/Borax hydrogel and SI(COOH)S systems under shear strain.

shows strong shear-softening even under avery slow and small shear characterized with
the Weissenberg number Wi =y = 0.2 (with zbeing the terminal relaxation time) and the
total ym = 0.03. Namely, the LVE response of this gel vanished even under avery mild
shear. The SI(COOH)S copolymer showed softening of a similar magnitude but under
astronger shear condition, Wi =4.6 and ym=2.0. Thesenonlinear features can berelated
to the shear-induced breakage of the transient crosslinks that results in anisotropy of the
population of the network strands reformed in different directions as well as non-
equilibrium motion of the strands connected to the broken transient crosslinks. The
difference between the PVA/Borax hydrogel and the SI(COOH)S copolymer, the
nonlinearity much stronger for the former, could be related to the mobility of the transient
crosslinks (-OH/borate ion complex) along the PVA backbone and lack of the mobility of
the carboxyl group along the | block backbone.
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Stoichiometry of biologically active trace metals in Osaka Bay and its
inflowing rivers (3)

Yuzuru Nakaguchi  Kindai University

Porpose) My research has focused on the distribution behavior of bioactive trace metals (hereinafter "trace
metals") in Osaka Bay. Previous results reveal ed the vertical distribution of dissolved trace metals and showed
high concentrationsin theinner bay, suggesting supply from the Yodo, Kanzaki, and Yamato Rivers. Thisyear,
| analyzed total dissolvable trace metals (tdMs) in addition to dissolved trace metals (dMs). By subtracting
dMsfrom tdMs, | was able to clarify the distribution of leachable particulate trace metals (IpMs).
Experimental Methods) Sampling stations are shown in Fig. 1. Seawater _
samplesfrom OsakaBay were collected in February 2023 using Niskin bottles. mr “
Samples for the measurement of total dissolvabletrace metals (tdMs) were | eft " - 4
unfiltered, adjusted to pH 2.0 using hydrochloric acid, and stored for more than l o ' J
six months before being filtered through a0.45 pm filter. Trace metal analysis ~ *=!

was performed by pre-concentrating the samples using an automated solid- s«

TAXE A AYE 1T 1B

phase extraction system equipped with a chelating resin (Nobias PA-1),  Fjg | Sampling station
followed by quantification using ICP-MS . The concentration of leachable

particulate trace metals (IpMs) was calculated by subtracting the dMs from the tdMs.

Results) Figure 2 shows vertical profiles of salinity, IpAl and IpCu.
High concentrations of IpAl were observed in surface waters in the
inner bay (St.1-3). Because surface salinity in this area was low,
IpAl was considered to be derived from river water. Similar
distribution patterns were aso observed for IpFe and |pPb,
suggesting that these elements were likewise of riverine origin. In
contrast, IpNi, IpCu, IpCo, and IpZn were considered unlikely to be
derived from river water. In addition, IpAl, IpFe, and IpPb showed
high concentrations in the bottom layer (15-30 m) at St.3, St.4, and

St.5, indicating a possible contribution from sedimentary sources. ' ._ ; st2 st1 ')
The enrichment factor relative to the crust (EFcrust= FTg 2 Crc‘)ss sectic:;!al distributions
[IpM/IpAl]/[Mcrust/Alcrust]), commonly used in atmospheric  Of salinity, IpAl and IpCu

chemistry, was applied to river water and calculated. Asaresult, EFcrust(IpFe) was 2.1 == 1.0, suggesting that
river-derived IpFe originates from the Earth’ s crust (i.e., riverine erosion). EFcrust(IpCo) was 12 =+ 12,
indicating that IpCo was a'so likely of crustal origin. Other elements showed EFcrust values greater than 10;
in particular, |pPb exhibited avery high value of approximately 1600. This suggeststhat although IpPbisriver-

derived, it isintroduced into rivers largely through anthropogenic sources.
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Separation and concentration of rare metals by a liquid membrane
transport method using ionic liquid

Hiroshi Mukai  Kyoto University of Education

[Objectives] One of the problemsin industrial use of rare metalsis.difficulty in refining process. This study
aim to develop the novel and efficient methods for separation and concentration of rare metals. A liquid
membrane transport method using ionic liquids (ILs) was considered for the purpose. The membranes used
were polymer inclusion membranes (PIMs) with hydrophobic ILs. In order to enhance the selectivity of metal
ions, two improvements were attempted. One was to use the PIMs previously containing the complexes of the
target metal ion with carrier molecules. The other was to apply aternative voltage to the supplying phase. The
effects of these two attempts to metal selectivity were investigated.

[Experimental] (1) Membranes. 1-Phenyl-3-methyl-4-benzoylpyrazol-5-one (PMBP) of 0.014 g (5 10°
mol) was dissolved in 1-butyl-3-dodecylimidazolium bis(trifluoromethanesulfonyl)imide ([CaCi2im][Tf2N])
or 1-dodecyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([C12Caim][Tf2N]) of 1.000 g. The IL
solution of 1.014 g was mixed with PVC of 0.100 g dissolved in tetrahydrofuran in the glass petri dish and
dried. (2) Liquid membrane transport. The membrane was fixed at the center of a U-shaped reaction tube.
The 30 cm?® of aqueous supplying phase ([Co(NOz)2, Zn(NOs)2, Cd(NOs)2, Po(NOs)z] = 2.0 10° mol dm3,
[CH3COONa] =0.01 mol  dm3, [NaClO4] = 0.1 mol dm3, pH 5.0) and the 30 cm? of aqueous receiving phase
([CH3COONga] = 0.01 mol dm 3, [NaClO4] = 0.1 mol dm, [HNOs] = 0.1 M, pH 1) were poured into each part

of the reaction tube separated by the membrane and stirred fot 24 hours.

[Results and discussion] (1) Effect of complexespreviously containedin PIMs.  Cobalt ionswere loaded

as complexesin aPIM when target metal was cobalt. A site occupation rate was defined as aratio of an amount
of cobalt ions to a maximum amount of metal binding sites calculated from an amount of PMBPinaPIM. As
shown in figure, cobalt complexes in the PIM with high site occupation rate exclude metal ions not targeted.

(2) Effect of alternative voltage in the supplying phase. Effect of alternative voltage in the supplying phase

was investigated using separation factors (o.ag) of metal A and B calculated from transport rates. Table shows
enhancement of separation from cadmium by alternative voltage. This was caused by suppression of the

transport of metal ions, especially cadmiumions, to the membrane phase by the influence of alternative voltage.

Q ;'Z e Pb Table. The o' as/oas Values that show the influence of

© 0.8 1 : . :

% . : (Z:r(]j alternative voltage on separation of metal ions.

204 B A | Cozt Zn2+ Cdz+ Pb2+

f_f" 0.2 1 Co2+ 1 1.07 0.41 1.05
0'Oo.o 0:1 012 013 0:4 015 0:6 0.7 Zn?* 0.94 1 0.38 0.98

Site occupation rate Cdz+ 2.46 2.62 1 257
Figure. The dependence of transport rates on site
occupation rates of cobalt ionsin PIM. Pb+ 0.96 1.02 0.39 1
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Structure analysis of liquid crystalline organic thin films

Shingo Maruyama  Tohoku University

Fabrication of high-quality crystalline organic semiconductor thin filmsisimportant for advancesin organic
electronics. As one method for fabricating organic semiconductor thin films with high crystallinity, our group
has reported a technique to control crystal nucleation during crystallization from the liquid crystalline (LC)
state by using temperature gradients during the post-annealing process of vacuum-deposited LC organic
semiconductors (e.g. Tsujita et al., CrystEngComm, 2023, 25, 64-71.). In this study, we attempted to use a
nucleation-inducing layer as a new method for controlling nucleation and for preparing large-area single-
crystalline C8-BTBT films without a special temperature-gradient. We used the grazing incidence X-ray
diffraction (GIXD) instrument at |CR Kyoto University to measure in-plane alignment through ¢ scans.

C8-BTBT films were deposited at room temperature on SiO./Si substrates by infrared laser deposition.
Pentacene layer (1.5 nm) was introduced only in a defined nucleation region, followed by deposition of
C8-BTBT (200 nm) to form an adjacent growth region. After deposition, samples were annealed at 115 °C,
above the L C transition temperature of C8-BTBT (110 °C), to obtain a uniform L C phase. They were cooled
to 107 °C to trigger nucleation, confirmed by in-situ polarized optical microscopy. After nucleation, crystal
growth was continued either at 107 °C or at 109 °C. In-plane orientation of C8-BTBT thin films was eval uated
by XRD ¢-scans of the C8-BTBT 020 diffraction peak using the ICR GIXD setup.

Nucleation in the C8-BTBT film appeared immediately in the pentacene-seeded region after cooling, and
crystallization propagated laterally into the growth region. Fig. 1 showsin-plane ¢-scans of the C8-BTBT 020
diffraction peak for the samples grown at 107 °C and 109 °C. A clear two-fold symmetric ¢-scan profile was
obtained, demonstrating uniaxial in-plane alignment induced by the seeded nucleation and subsequent | ateral
growth. Importantly, the post-nucleation growth temperature strongly affected the degree of alignment: when
crystal growth was carried out at 109 °C, the ¢-scan peak was sharp with a full width at half maximum
(FWHM) of ~3°, whereas growth maintained at 107 °C resulted in abroader peak (FWHM ~8°). These results

indicate that reducing the degree of supercooling after T

1
nucleation is effective for enhancing in-plane alignment in C8- ‘ | Crystal growth
at 109°C
BTBT films. This is likely because smaller supercooling

promotes molecular rearrangement at the growth front while n

Crystal growth

suppressing secondary nucleation and defect formation in the at 107°C

| f
<= FWHM \ |

=-~8° /|
growth region, thereby narrowing the azimuthal distributionin H T
0 50 100 150

the p-scan. ?(°)
Fig. 11n-plane ¢p-scansof the C8-BTBT 020

diffraction peak for the samples grown at
107 °C and 109 °C

200 250 300
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Study on crystalline structure and transistor characteristics of liquid
crystalline organic semiconductors

Hiroaki lino Institute of Science Tokyo

The liquid crystalline organic semiconductor, 2-decyl-7-phenyl-benzothienobenzothiophene (Ph-BTBT-10:
Fig. 1(a) ) is a promising material for organic field effect transistor (OFET). This is due to its ability to form
uniform polycrystaline thin films with high crystalinity by solution process using its liquid crystallinity.
However, the mobility of Ph-BTBT-10 thin films degrades after thermal process at temperature above 143 °C,
which corresponds to the smectic E (SmE) liquid crystal phase. Thisis a significant issue because fabrication
processes for organic electronics typically involve thermal stress around 150 °C. In this collaboration with Mr.
Oka, Dr. Shioya, and Prof. Hasegawa at Kyoto University, we previously investigated the origin of Ph-BTBT-
10 OFETSs degradation following thermal stress at 150 °C and found that polycrystalline thin film fabricated
with a slow cooling rate exhibit minimal degradation even after thermal stress[1]. In this collaboration study,
weinvestigated the optimal additional thermal annealing conditionsto recover OFET performance after thermal
stress (150 °C) followed by rapid cooling.

Ph-BTBT-10 polycrystalline thin films were fabricated by spin-coating at the temperature of liquid crystal
phase, heated at 150 °C (SmE phase), and then cool ed to the crystalline phase at room temperature. Subsequently,
the films were treated with additional thermal annealing to improve the crystalinity. The crystalinity and
molecular packing structure were evaluated using X-ray diffraction (XRD) and infrared (IR) spectroscopy. FET
performance was eval uated by transfer characteristics of bottom gate bottom contact type OFETS.

The XRD and IR spectroscopy analysis reveaed that rapid cooling from the SmE phase causes partial
disorder in the molecular packing and the conformation of the alkyl side chains. On the other hand, the analysis

suggest that crystallinity of the thin films can be recovered by additional thermal annealing at 120 °C for 15

minutes.
. . - . - (@) Q S
In order to confirm the effectiveness of the additional annealing condition, cmHm
S
we evaluated the charge carrier transport properties in channel region from  ®) Ph-BTBT-10

10 T T
OFET performance. Ph-BTBT-10 polycrystaline thin film after treated 10°

‘Add\‘tiona‘l annéaled

— p=1.3cm’/Vs

additional anneal at 120 °C for 15 minutes showed the high crystallinity and
mobility of 1.3 cm?Vs (Fig. 1(b) "Additional annealed"), which is higher than

150 °CSlow
u:l‘OcmZ/Vs

Drain Current (A)
=
o

that of rapid cooled films (Fig.1(b) "150 °C Rapid") and comparable to that of 10° b

9 150°C Rapid
slowly cooled polycrystalline thin films (Fig.1(b) "150 °C Slow"). 1078 eostontivs

10 _
In conclusion, we succeeded to find the suitable prosses conditions to recover 101 Vgs _"SO‘V oo

-50 -40 -30 -20 -10 O 10 20
the performance of Ph-BTBT-10 polycrystalline film after thermal stressat 150 Gate Voltage (V)
oC. Fig.1 Ph-BTBT-10 transistors

(a) Chemical structure,
(b) transfer characteristics

[1] H. Nakano, T. Oka, N. Shioya, T. Hasegawa, H. lino, Fall meeting of Jon. Soc. Appl. Phys. 18pD63-6 (2024).
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Relationship between primary structure of partially fluorinated
phospholipids and membrane properties

Takafumi Shimoaka Gunma University

In the past decade, our research group has been developed a variety of phosphatidylcholines
(PCs) with partially fluorinated hydrophobic chains (CnF2n+1), and as a result of comprehensive
studies of the bilayer membranes, the relationship between the membrane properties and their
chemical structures is becoming clear.> Recently, one of the developed PCs is found to exhibit
interesting phase behavior by mixing with a non-fluorinated PC with the same length of
hydrophobic chains by calorimetric measurements, which implies that these PCs are mixed with
each other. To reveal the molecular mechanism of the two-dimensional mixing of PCs, in this
joint research, we focus on binary mixed monolayer films on the water surfaces, which have the
following advantages.

1) Molecular packing in the mixed film can quantitatively be discussed by surface pressure
(7)-surface area (A) isotherm measurements.
2) Brewster angle microscope (BAM) can be applied, which enables us to visualize mixing
in the scale of several tens to hundreds um.
3) Molecular packing and orientation of PCs can be discussed by vibrational spectroscopic
measurements.
In this year's joint research, miscibility of dipalmitoylphosphatidylcholine (DPPC) and its
partially fluorinated ones (Fn-DPPCs) was investigated by BAM measurements. The miscibility
of these PCs on the BAM scale was found to depend on the mixing ratio, and the differences in
the BAM images were discussed by infrared spectrometry in terms of molecular packing of the
hydrophobic chains. In addition, partially fluorinated palmitic acids (Fn-PAs), a precursor of Fn-
DPPCs, were also investigated by the same techniques.

In addition, a new analytical method for investigating the molecular orientation of
perfluoroalkyl groups using backscattering Raman spectrometry was established and reported in
Analytical Sciences.® The paper was selected as one of the Hot Articles in the August issue.

References

1. K. Morita et al., Chem. Lett. 2019, 48, 1105., M. Miyazaki, et al. BBA-Biomembranes 2024,
1866, 184261.
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3. T. Shimoaka et al., Anal. Sci., 2025, 41, 1355.
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Identification of bioactive gibberellins in the liverwort
Marchantia polymorpha

Yoshihiro Yoshitake Kyoto University

Gibberellins (GAs) are among the major phytohormones regulating plant growth and development. GA
biosynthetic genes and receptors have been isolated mainly from Arabidopsis and rice plants. To systematically
understand the origin of GAs and the molecular evolution of the GA signaling pathways, we focused on Marchantia
polymorpha, a model bryophyte that belongs to the lineage sister to vascular plants. M. polymorpha lacks the
enzymes required to catalyze the final steps of GA biosynthesis in angiosperms but is capable of producing GA
precursors such as ent-kaurenoic acid (KA) and GA1». The biosynthesis of these precursors is upregulated under
far-red light (FR)-enriched conditions, whereas the disruption of the KA biosynthesis genes consistently inhibited
FR-induced hyponastic growth and sexual reproduction. Exogenous application of KA fully rescues the biosynthetic
mutants, suggesting that a GA-related compound functions physiologically in M. polymorpha (Sun et al., 2023 The
Plant Cell). However, the active GA-related molecules (GAwmp) remain unidentified. In addition, the receptor for
GAwp is dso unidentified, as thereceptors for angiosperm GAs, GIBBERELLIN INSENSITIVE DWARF1
(GID1), are absent from the bryophyte lineage.

To identify GAwmp, abioassay method was developed for M. polymor pha. Fractionated samples were prepared from
wild-type extracts using a two-phase partition method. The bioassay used sexual organ formation as an indicator,
as GA biosynthesis mutants exhibit delayed sexual organ formation. Further analysis revealed that fractions
containing low-polarity acidic substances accumulated and contributed to the restorative effect. Detailed HPLC
fractionation using both reversed-phase and normal-phase columns showed that a specific fraction restored the
timing of sexual organ formation in GA biosynthesis mutants. GC-M S analysis suggested that GAwmyp, found in this
active fraction, has an ent-kaurane (KA) skeleton rather than an ent-gibberellane skeleton. Furthermore, we
identified another crucial KA-related intermediate of GAwmp that is shared by various plant lineages, including
angiosperms. These results suggest that M. polymorpha produces these KA derivatives by adding a unique final
biosynthetic step. The precise structure of GAwmp will be determined in future studies using a combination of mass

spectrometry and NMR.

Publication
Sun et al. Biosynthesis of Gibberellin-Related Compounds Modulates Far-Red Light Responses in the Liverwort Marchantia
Polymorpha, Plant Cell 35, 41114132 (2023)

Conference reports
Okabe et al. Exploring the biosynthetic pathway of gibberellin-related compounds in the liverwort Marchantia polymorpha through

the diversity of cytochrome P450. The 60th Annual Meeting of the Japanese Society for Chemical Regulation of Plants.
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Exploring Spin Wave Dynamics. From Doppler Effectsto Magnonic
Black-Hole Analogues

Kab-Jin Kim KAIST

Objectives: The main objective of this project was to explore spin wave dynamicsin a
metallic ferromagnetic CoFe film under applied charge current using optical
measurements, and to investigate the critical current regime relevant to approaching the
magnonic black-hole anal ogy.

Experimental Methods: A 10 nm CoFe thin film was prepared in a narrow constriction
geometry, and its magnetic properties were characterized at KAIST. To effectively excite
high-wavevector spin waves and maximize current-induced effects, nanoscale antenna
structures with line widths ranging from 100 to 500 nm were fabricated in Prof. Ono’s
group at ICR. Spin wave propagation under applied current was investigated using a
vector network analyzer (VNA) and a heterodyne magneto-optical Kerr effect (MOKE)
system, in collaboration with Prof. Ono’s group.

Outcomes: A low damping constant on the order of 103 was confirmed for the CoFefilm.
By optimizing the constriction width and antenna design, propagating spin waves with
wavevectors ranging from 1 to 4 um! were observed and propagation properties such as
decay length and the dispersion relation were directly extracted. Upon increasing the
charge current up to the order of 10 A/m?, a measurable phase shift of the spin waves
was observed, which can be attributed to spin transfer torque. The magnitude of the phase
shift depended on the applied current and antenna geometry.

Analysis. Using both electricll measurements and spatially resolved optical
measurement, we effectively characterized current-driven modifications of spin wave
propagation. This work establishes a foundation for future studies targeting the critical
current regime and for experimentally approaching the magnonic black-hole anal ogy.

Publications:
1. M.You, M. Song, D. Lee, S. Yoon, Y. Shiota, T. Ono, S. Kim, S. K. Kim, A. Park,
K.-J. Kim, Nature Communications, accepted (2026)
2. D. Hayashi, Y. Shiota, M. You, A. Park, K.-J. Kim, H. Narita, R. Hisatomi, S.
Karube, T. Ono, Applied Physics Letters 126, 082401 (2025)
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Possible Quantum Origin of Unusual Magnetoresistancein
Thin-Film Magnetic Metals

Satoru Emori  Virginia Tech

Objectives: We aim to determine the underlying origin of peculiar electrical signalsin
metallic magnetic film strips, seemingly resembling the widely studied unidirectional
magnetoresistance, but with an unexpectedly large magnitude and magnetic field
dependence. In this project reporting cycle, we focused on (1) the influence of the
substrate and (2) the role of ferromagnetism.

Experimental Methods: Strips of metallic magnetic films (4 micron wide, 20 micron
separation between longitudinal contacts) were patterned with maskless photolithography
and liftoff. We focused on the prototypical soft magnetic alloy of permaloy (Py =
NisoFe) on undoped Si and Al203 substrates, as well as non-ferromagnetic Pt on
undoped Si. The longitudinal resistance was measured under DC currents ranging from 1
to 4 mA, under in-plane transverse magnetic fields of various amplitudes.

Outcomes: The figure summarizes the critical 4., i . ‘ ‘ ,
results, i.e., normalized resistance change as a  goor0] ]

®  Si/f Py(5)-Ti(2) _..'
function of applied magnetic field. The substrate  oo0s] & 50 Hmrrmic) '."_p'
makes a significant difference: Py on Si exhibits  £6.006- ',J-"
a clear linear increase of the response, whereas % oo 8 L
Py on Al20s exhibits no discernible response.  ooxa| _.*" .___‘,.A- ~ g

,f__;--‘

Also surprising is the observation that the non- 0000+ ‘ ‘
ferromagnetic Pt also exhibits asizable response. 0 1000 2000 3000 4000 5000
Analysiss We deduce that the underlying =
mechanism is a thermoelectric Nernst effect (not a quantum spin transport phenomenon
that we initially set out to uncover), which emerges from the current-induced vertical
thermal gradient and scales linearly with magnetic field. Yet, the magnitude of the effect
appearsto be unusually large — by more than an order of magnitude compared to ordinary
Nernst effectsin those metals. The conventional anomalous Hall effect from the magnetic
film bulk should be constant with field, so it cannot account for the pronounced linear
slope. We suspect that an ultrathin, nearly ferromagnetic layer of silicide (e.g., NiSi, PtSi)
at the film-substrate interface plays a crucia (previously unrecognized) role. Further
elucidation of the actual mechanism, to be pursued in the coming cycle, can provide
insights into enhancing thermoelectric energy harvesting with manufacturing-friendly
metal films on common S wafers.

Products: G. T. Street et al., 2025 MMM conference, contributed talk DF-07.
Collaborators. Mr. G. Street, Prof. S. Karube, Prof. Y. Shiota, Prof. T. Ono

_68_



2025-69 ([E )

Research on Magnetic Octupolesin Non-Collinear Antiferromagnets
Sanghoon Kim  University of Ulsan

From this collaboration, we have studied full spin—orbit torque (SOT) switching of the magnetic
cluster octupole in the noncollinear antiferromagnet MnsSn using an industry-compatible sputtering
process. Noncollinear antiferromagnets are attractive for spintronic applications due to their ultrafast
dynamics and absence of stray fields, yet electrical control of their order parameters remains
challenging. In MnsSn, the kagome lattice hosts a chiral 120° spin structure that can be described by
a collective magnetic octupole. While SOT-induced switching of this order has been reported
previoudly, deterministic full switching hasbeen largely limited to single crystalsor MBE-grown
films, with sputtered films exhibiting only partial switching.

To overcome this limitation, MnsSn thin films were grown in W/MnsSn/Ta heterostructures on
MgO(110) substrates using a co-sputtering approach that enables precise control of Mn stoichiometry.
Structural characterization reveals that suppressing Mn deficiency is essential for stabilizing single-
phase MnzSn and for preventing W interdiffusion at the interface. Optimized stoichiometry yields
atomically sharp W/MnsSn inter faces, whereas M n-deficient or M n-rich filmsexhibit interfacial
disorder, secondary phases, and enhanced spin scattering.

These structural differencesdirectly trandateinto SOT switching behavior. Hall-bar devicesfabricated
from optimized films show robust anomalous Hall signals and deterministic SOT-induced switching
when current is applied parallel to the kagome plane, consistent with a damping-like torque
mechanism. Switching does not occur when current is applied perpendicular to the kagome plane,
highlighting the symmetry constraints of noncollinear antiferromagnets. Switching efficienciesreach
full 100% switching isachieved with atomically inert interface between W and M nsSn layers.
Overdl, this study establishes that precise
stoichiometric  control  enables interface
engineering sufficient to achieve complete
SOT switching in sputtered MnsSn films. The
results demonstrate that industry-compatible

deposition techniques can reach epitaxial-level

performance, providing a practical pathway

toward antiferromagnetic  SOT  memory,

. . . Figure 1. The layer structure based on MnsSn tured
ultrafast logic, and neuromorphic computing 9 Y 30 e

. . . by TEM (left) and observed 100% switching behavior of
devices. Our study hasreportedin ACSnanoin y (teft) ’ g

. th etic octupolein MnsSn.
2025, which was selected as a cover paper. emagneticoctpoiein iins

O Paper information: ACSNano 19 (46), 39747-39756 (2025).
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Research on high-sensitive quantum sensor with high quality diamond
Jorg Wrachtrup ~ Stuttgart University

Color centers in diamond have attracted considerable attention for applications in
guantum information devices and quantum sensing. In particular, emission in the near-
infrared (NIR) region is highly desirable because optical lossis minimized in both optical
fibers and biological tissues, making it suitable for quantum communication and in vivo
sensing. However, reports of diamond color centers exhibiting fluorescence in the NIR
region remain limited, and further exploration is required.

In this study, we report the observation of a single color center emitting in the NIR
region in adiamond sample consisting of achemical vapor deposition (CVD) layer grown
on a (111)-oriented type-1b diamond substrate synthesized by the high-pressure high-
temperature (HPHT) method. The sample was characterized using a confocal laser
microscope with an excitation wavelength at NIR region and an objective lens with a
numerical aperture of 1.35. Photoluminescence (PL) imaging revealed isolated bright
spots within the HPHT substrate. Second-order autocorrelation measurements, g (1),
confirmed that these spots originated from single color centers.

The PL spectrum of an isolated emitter was measured at room temperature using a
silicon detector. A sharp emission peak centered around NIR region was observed,
indicating NIR fluorescence. To further investigate the nature of these emitters,
polarization-dependent excitation measurements were performed on centers exhibiting
similar spectral features. The results revealed two types of behavior: some centers
exhibited orientations consistent with the crystallographic axes [121] and [211], while
others showed orientations that did not correspond to any principal crystal directions.

Moreover, certain centers displayed polarization dependences that could not be
explained by a conventional two-level electric dipole transition model, suggesting a more
complex electronic structure or transition mechanism. These findings indicate the
presence of previously unreported NIR-emitting color centersin diamond. [1]

We al so measured the single color centers at low temperatures using a confocal laser
microscope in Stuttgart University. We observed sharp peaks around NIR region. Since
this color center was observed in the NIR region, it is considered a promising candidate
for applications in quantum cryptographic communication and life sciences, and its
discovery in this study is therefore of significant importance.

[1] R. Shiotani, T. Nishikawa, N. Morioka, S. Miki, R. Kawase, H. Kawashima, N.
Mizuochi, The 86" JSAP Autum Meeting 2025. Nagoya, Sep. 7-10, 2025.
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Visualization of magnetization vector
using magneto-thermo and magneto-optical effects

Kihiro Yamada Institute of Science Tokyo

Research background & objective:

Toward realizing a sustainable society, the efficient recycling of waste heat is becoming an important issue as
global energy consumption continues to rise. The anomalous Nernst effect (ANE) in thin magnetic metals can
retrieve thermal energy as an electron motive force orthogonal both to the heat gradient and magnetization. When
alocal temperature is applied normal to a magnetic thin film, the resulting in-plane voltages reflect the in-plane
magnetization components. This project aims to realize a comprehensive vector-resolved characterization of
magnetic configurations using the laser-induced ANE in addition to the magneto-optical Kerr effect, which
reflects the out-of-plane magnetization component. In this year, we realized the visualization of the in-plane

magnetization components by measuring two orthogonal voltages resulting from the laser-induced ANE.

Experimental methods:

A magnetic bilayer consisting of Ru(5 nm)/Co(60nm) was deposited by dc magnetron sputtering on a sapphire
(0001) substrate. The bilayer was processed to Hall devices with achannel size of 0.2 mmx0.2 mm by standard
photolithography followed by physical etching procedures. The device fabrication processes were carried out at
the Ono laboratory at the Institute of Chemical Research, Kyoto University. Laser-induced voltages were
measured using an electrical set-up equipped with a continuous-wave laser [1] with a wavelength of 532 nmin
our laboratory. The laser beams were focused onto the surface of the cross area to a spot radius of 6 um. The
laser intensity was modulated at a frequency of 100 kHz using a photo-€elastic modulator in combination with a
Gran-Tyalor prism. Two orthogonal voltages were simultaneously detected using two lock-in amplifiers. This
configuration enabled measuring the local in-plane component of magnetization within the laser-irradiated area

while scanning the sample position under a constant external magnetic field.

Experimental results & Discussion:

Figure 1 show the in-plane magnetization components when the

macroscopic magnetization switches. The direction and amplitude of local o

in-plane magnetization are represented by vector and color map,

¥ position (um)

respectively. The magnetization reversal proceeds through both coherent
rotation of local magnetization and domain-wall motions. We find that '
magnetic vortexes emerge during the reversal process. The complementary S —— s

use of the magneto-optical effect may alow full vector-resolved Fig. 1. Map of in-plane

visualization of the complex magnetization switching dynamics in the magnetization under magnetic
magnetic film with an in-plane magnetic easy plane. field (B) of 7.7 mT. Theinset
shows the magnetic hysteresis
loop of in-plane
magnetization (M).
Reference

[1] S. Mochizuki, I. Sugiura, T. Narushima, T. Ono, T. Satoh, K. T. Yamada, Phys. Rev. Appl. 24, 044101 (2025).
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Study on generation of spin-polarized current
using insulating ferrite films

Masaaki Tanaka Nagoya Institute of Technology

The spin-filtering effect, in which a spin-polarized current is generated via electron tunneling through
a ferromagnetic insulator, is a promising candidate for spin injection. Magnetoplumbite-structured barium
ferrite (BaFe12019, BaM) is a ferromagnetic insulator whose (001)-oriented films grown along the [0001]
direction exhibit perpendicular magnetic anisotropy (PMA). As a tunnel barrier film, BaM films are required
to possess good magnetic properties, high surface flatness, and good insulating characteristics. However, post-
annealing is required to crystallize the BaM films. As a result, the surface roughness deteriorates. In this study,
we optimized the post-annealing conditions of the BaM films and investigated the tunneling properties of the
magnetic tunnel junctions (MTJs) with BaM layers.

BaM films with various thicknesses were grown on MgO (001) substrates with Pt (111) buffer layers
by pulsed laser deposition. The as-deposited films were subsequently annealed at 850°C in an oxygen
atmosphere using an infrared lamp annealing system for various annealing durations. After the BaM films
were annealed for 90 min, MgO/Co/{Th/Co}10 multilayer structures were subsequently deposited on top of
the BaM layer to form MTJs. The MTJs, with junction diameters of several micrometers, were patterned by
photolithography and argon ion milling. The entire microfabrication process was carried out at ICR, Kyoto
University. Current-voltage (1-V) characteristics and magnetoresistance measurements of the MTJs were
performed using a four-probe method.

With increasing annealing time, the crystallization and preferential (0001) orientation of BaM are
enhanced, resulting in an increase in the saturation magnetization. However, this improvement is accompanied
by an increase in surface roughness. The BaM layer annealed for 90 min exhibits favorable magnetic properties
while maintaining a smooth surface. Figure 1 shows the I1-V characteristics of the MTJ with a 7-nm-thick BaM

layer, indicating good tunneling properties. The inset of Fig. 1 shows the BaM thickness dependence of the

effective barrier thickness estimated using Simmons’ - 300 K ' |

| — Experimental data
= === Simmons' fit

L >
1

model based on the I-V curves. The effective barrier

thickness increases with increasing BaM thickness,

N
T
1

suggesting that the BaM layer functions as a well-

defined tunnel barrier with good insulating properties.

Current (x10° A)
() o

L T

Although a clear tunneling magnetoresistance effect

has not yet been observed, the results suggest strong

) ) " " " . hbrl\"tﬂBa!\}gimwllﬂ;'?‘s
potential for spin-dependent transport. Further 04 02 0.0 02 0.4
optimization of the barrier and interface properties is Bias voltage (V)

expected to lead to the realization of TMR in these  Fjg. 1 1-V curve of the MTJ with a 7-nm-thick BaM
MTJs. layer.
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Research on heat transport mechanism of MgO | Co-Fe-B structure

Minori Goto Tokyo University of Science

Magnetic anisotropy control utilizing Joule heating in magnetic tunnel junctions has been reported as an

effective approach for achieving fast and energy-efficient spin manipulation [1]. Such techniques are expected

to contribute to advanced spin-based information and
communication devices. To further improve device performance,
it is essentia to achieve efficient temperature rise in the
ferromagnetic layer through Joule heating, which requires a
fundamental understanding of heat transport phenomena
involving interfacial thermal resistance between ferromagnetic
and insulating layers. In our experimental system, the
ferromagnetic layer is sandwiched between MgO layers (MgO |
ferromagnetic layer | MgO), where interfacial thermal resistance
is expected to play an important role in thermal confinement.
However, heat transport characteristics in magnetic tunnel
junctions with double-MgO structures remain insufficiently
investigated. In this study, thermal resistance was evaluated in
multilayer structures of [CoisFessB20 (2 nm) | MgO (1 nm)]y.
Film deposition was carried out using a magnetron sputtering
system installed in the Ono Laboratory at the Institute for
Chemical Research, Kyoto University, which has a proven track
record in fabricating magnetic tunnel junctions. Multilayer films
consisting of [CoisFessBao (2 Nm) | MgO (1 nm)]y | AlOz (20
nm) | Mo were deposited on Si substrates, where N represents the
number of bilayer repetitions (N = 16, 20, 24, 28). Thermal

conductivity was evaluated by applying an alternating current to

Sample structure

Top view of the sample
i !] magnetic f
- E
\lternating | Mo electrode ‘ — Mo electrode
rent < 3
AL, (20 nm) —
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Figure 1 Schematic illustration of the
sample structure and planar geometry
used for  thermal conductivity
measurements. Thermal conductivity was
evaluated by applying an AC current to
the Mo electrode and detecting
reflectivity modulation associated with
temperature oscillations via lock-in
detection (2 method).
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Figure 2 Thickness dependence of the
total thermal resistance of [ CoieFesaB2o (2
nm) | MgO (1 nm)]y multilayers. The
dashed line represents linear fitting.

the Mo electrode and performing optical 2w method. The measurements were conducted by our collaborator,

Ishibe at University of Osaka. Figure 2 shows the thickness dependence of the total thermal resistance for the

[CoisFesaB20 (2 nm) | MgO (1 nm)]y multilayers. Linear fitting (dashed line) yields athermal conductivity of

approximately 4 W m? K1, which is comparable to previously reported values for thin-film MgO [2].

Although thermal resistance was expected to increase monotonically with thickness, significant sample-to-

sample variation was observed. This result suggests that heat transport in this multilayer system is sensitive to

fabrication conditions and interfacial states. Further systematic investigations using samples fabricated under

strictly controlled deposition conditions will be required to clarify the intrinsic thickness dependence.

[1] M. Goto, et al., Nat. Nanotechnol., 14, 40 (2019), [2] M. Walter, et al., Nat. Mater, 10, 742 (2011)
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[Z X DR L, EREEREIE A — VR RREIC X0 AT L7z, BIEIXEIRDY D 900K OIREFIPH CE
ML, BEFBHELLOF v ) TIREOREKRAMELZISG Lz, 612, FY VTREDT L=0URXT
0y MG R — YGRS L OME L 2 L7,

Ui SR L OB 4] SlBl O G AR L OSEEICRIT 2 R — A BEIE 2 G0 L2/ 5, TBP &2 /-
NBIAZAYE RELTUIREELE 72 2B BEIE 719cmVs Z#R LTz, 7o, EROKRAT 4 v %
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b — L AR (T2) & OB OV T HFEMRBE 21TV BT 3 R SIS 7oA R E D
Btz ED L TETH 5.

[51H 3R] [1] R. Kawase, H. Kawashima, H. Kato, N. Tokuda, S. Yamasaki, M. Ogura, T. Makino, N. Morioka,
and N. Mizuochi, Applied Physics Letters, 126, 074002 (2025).

[2] H)IRE:, A, JEZ=, [LAME, NEEde, MERR, IR, NEZ, vk, &
Fage, FROAECHL, KEFER, 2 73 RIS BL 2RI AR =, O, 2026 4% 3 /] 15-18 H.
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Research on the efficient color centers creation in nanodiamond for
bio-application

TakuyaF. Segawa ETH Zirich

Group-1V color centers in diamond have attracted considerable interest due to their
strong zero-phonon lines (ZPLs), making them promising candidates for single-photon
sources in quantum information technologies. In addition, their optical properties enable
applications as fluorescent probes and all-optical temperature sensors in biological
environments. Among various fabrication approaches, we focus on the formation of
group-1V color centers in detonation nanodiamonds (DNDs). The detonation method
enables mass production of ultra-small nanodiamonds with particle sizes below 10 nm,
which are suitable for intracellular applications, including targeting subcellular structures
such as the cell nucleus. We have previously demonstrated the formation of silicon-
vacancy (SIV) and germanium-vacancy (GeV) centers in DNDs, and recently reported
the formation of tin-vacancy (SnV) centers. Although the formation efficiency of Snv
centersislimited due to the large atomic radius of tin, they are attractive because of their
longer electron spin coherence times compared to SV and GeV centers. In this study, we
report the identification of single SnV centersin Sn-doped DNDswith an average particle
Size of approximately 5 nm using second-order autocorrelation measurements.

Sn-doped DNDs were synthesized by detonation of mixed explosives containing tin
dopants, followed by purification and cleaning processes. The samples were further
treated with thermal mixed-acid cleaning (H.SO. + HNOs at 130 °C) for three days to
remove surface impurities. A suspension of the cleaned DNDs (1 mg/mL) was drop-cast
onto a cover glass and dried under ambient conditions. The samples were characterized
using a laser confocal microscope, and bright emission spots were further analyzed by
photol uminescence spectroscopy and second-order autocorrel ation measurements.

The photoluminescence spectrum of an isolated emission spot exhibited a clear ZPL
at 618 nm, characteristic of the SnV center. The second-order autocorrelation function
showed g®(0) < 0.5after background correction, confirming single-photon emission
[1]. These results demonstrate that Sn-doped DNDs can host single SnV centers even at
particle sizes of ~5 nm, highlighting their potential for quantum photonics and nanoscale
bioimaging applications.

References
[1] M. Fujiwara, M. Ohori, F. T. K. So, Y. Makino, N. Morioka, |. Ohki, R. Igarashi, M.
Nishikawa, N. Mizuochi, Discover Nano, 20, 81 (2025).
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Synthesis of Pyrene-based M aterials with Diradical Character
Graham J. Bodwell Memoria University of Newfoundland

Obj ectives: Pyrene-based nonplanar n-systems are attractive platforms for materials with
unusual electronic structures, including potential diradical character, because their z-
conjugation and through-space interactions can be tuned by curvature and strain®.
Incorporating carbonyl groups into such frameworks is expected to further perturb the
electronic structure by introducing low-lying z* orbitals and carbonyl-centered n—*
states?. In this study, we examined a cyclic diketone incorporating pyrene units and
evaluated the bending of the pyrene units and the strain associated with macrocyclization.
Methods: The structure was optimized by DFT calculations at the B3LY P/6-31G* level.
The bending deformation was evaluated by the bend angle 6 between the C1-C2—C3 and
C10-C11-C12 planes of the pyrene unitY). The strain energy was estimated using
appropriate non-cyclic or fragment-based reference models®.

Outcomes: The optimized structure showed moderate bending of the pyrene units, with
a bend angle 6§ of 66.4°. This value is in the middle of the range reported for
[n](2,7)pyrenophanes (6 = 34.6-109.2°). In contrast, the strain energy was estimated to
be 365.8 kJ mol~2, which indicates rather high, but by no means unprecedented, strain
stored in the macrocyclic framework. The closest distance between the two pyrene
systems (C2—C2’) was found to be 2.44 A.

Analysis: Thelevels of curvature and strain in the pyrene-based n-system are well within
those previously achieved, which indicates that the compound should be amenable to
synthesis and stable. The proximity of the ends of the two pyrene systems bodes well for
through-space electronic interactions. The ketone units, such deformation may perturb
the electronic structure through carbonyl-centered z* and n—* contributions. Asawhole,
the target molecule provides a useful platform for examining how curvature, strain, and
carbonyl functionality influence the electronic properties of pyrene-based n-materials.
Publications: No publications or presentations directly related to this project have been
reported at this stage. i

)e=66.4°

a) )
- i _
L=< 2 I
o “6“ o 3 10
G-
Fig. 1. Target Pyrene-based Materials,; a) Cyclic Pyrene-based Aromatic Diketone. b)
Optimized Structure by DFT Calculations (B3LY P/6-31G*).

References 1) Bodwell, G. J. et al. Chem. Soc. Rev. 2015, 44, 6494. 2) Abe, M.; Yamago,
S. et al. Angew. Chem. Int. Ed. 2025, 64, €202509754. 3) Itami, K. et al. Angew. Chem.
Int. Ed. 2009, 48, 6112.
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Investigation of geometric magnetic frustrated materials with
structure design and high-pressure synthesis

Wei-Tin Chen Nationa Taiwan University

[Introduction] High-pressure high-temperature (HPHT) techniques is one of most
powerful methods to prepare novel quantum matters and functional materials such as
geometric magnetic frustrated materials and superconductors. Within the binary Ba—Ge
system, numerous compounds with different stoichiometric ratios have been reported,
exhibiting rich structural diversity and intriguing electronic properties. Nevertheless, no
stable phase with a Ba:Ge = 1:3 stoichiometry exists under ambient-pressure conditions,
leaving anotable gap in the Ba—Ge phase diagram and motivating exploration under high-
pressure synthesis conditions. In 2011, Fukuoka et al. successfully synthesized BaGes
using HPHT techniques and reported superconductivity with a transition temperature of
approximately 4.0 K. Subsequent theoretical work by Zurek and Y ao (2015) predicted
pronounced structural polymorphism in BaGes, demonstrating that its crystal structureis
strongly pressure dependent, different polymorphs may exhibit distinct superconducting
properties. In thiswork, we aim to synthesi ze high-pressure phases of BaGes using HPHT
techniques in collaboration with the Advanced Solid State Chemistry Laboratory (Prof.
Shimakawa), followed by detailed structural characterization using high-resolution
synchrotron X-ray diffraction (SXRD) at the Taiwan Photon Source (TPS).

[Results and discussion] BaGes wasinitially synthesized in the hexagonal P6s/mmc (No.
194) structure, characterized by face-sharing Ge trigonal units stacked along the ¢ axis,
forming a quasi-one-dimensional Ge framework. Under higher-pressure synthesis
conditions, BaGes can be stabilized in the tetragonal 74/mmm (No. 139) structure, where
the Ge sublattice reorganizes into Ge-Ge dumbbell units within a more compact three-
dimensional framework. This high-pressure polymorph isthe primary focus of the present
study and was synthesized using a Kawai-type multianvil apparatus. Rietveld refinement
of the SXRD data indicates that the target BaGes phase constitutes approximately 85%
of the sample, with aminor impurity phase of BaGes. Magnetic measurements reveal the
onset of diamagnetic behavior at around 6.7 K, together with a clear separation between
zero-field-cooled and field-cooled curves, consistent with superconductivity and
suggesting type-11 superconducting state. However, presence of the non-superconducting
BaGes impurity likely suppresses the bulk superconducting response. Further electrical
resistivity and hest-capacity measurements are therefore required to establish the
superconducting transition and to clarify the underlying superconducting mechanism.
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Development of solution-processable multi-resonant TADF emitters

Eli Zysman-Colman University of St Andrews

We have worked on three collaborative studies between the Zysman-Colman and Kagji labs
involving solution-processable thermally activated delayed fluorescence (TADF) molecular
design and their usein OLEDs.

In the first project, which has been published in Org. Chem. Frontiers (DOI:
10.1039/D5Q000146C), we highlight theimpact of regiochemistry in the donor dendron design
of the MR-TADF emitter. 2,7-tBuCzNB shows narrowband green emission at 498 nm (full-
width at half-maximum of 47 nm) and is relatively less sensitive to aggregation-caused
guenching thanks to the steric shielding provided by the donor dendrons. Given the sufficiently
small AEst of 150 meV to enable TADF and a high photoluminescence quantum yield, @i, of
86%, the 5 wt% doped films in mCP showed prompt and delayed fluorescence lifetimes of
9.9 ns and 1.89 ms. Despite the resulting slow krisc (5.4 x 10? s1) solution-processed OLEDs
employing 2,7-tBuCzNB showed EQEmax values of 11.4% at CIE coordinates of (0.16, 0.56).
In asecond project, we developed a donor dendron decorated derivative of the fast krisc donor-
acceptor TADF emitter DOBNA-SpAc (TDBA-SAF). DOBNA-SpAc-DCz emits in the sky-
blue at 474 nm in 20 wt% doped films in PPF, and has a high ®r. of 93% and a short delayed
lifetime of 2.04 us. The resulting fast krisc of 1.7 x 10° st enables the fabrication of highly
efficient solution-processed OLEDs with EQFEmax of 29.4% at CIE coordinates of (0.14, 0.21).
By a comparison of different electron transport materials within the device it has been shown
that DOBNA-SpAc-DCz enables enhanced hole transport compared to its parent emitter
DOBNA-SpAc, owing to the hole-transporting properties of the ter-carbazole donor dendrons.
A manuscript for publication is currently in preparation.

The third collaborative research project involves the investigation of liquid crystalline donor-
acceptor TADF emitters (Figure 1). This would be the first example of a columnar liquid
crystalline D-A TADF material and one of the first to be used in an OLED. A manuscript for
publication is currently in preparation.
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Design of novel organic emitters for highly efficient OLED: Theory
meets Synthesis

Francesco Di Maiolo  University of Parma

The aim of this 1-year project was to devise and characterize new organic systems as light
emitters for highly efficient OLEDs, with special emphasis on emitters featuring an
inverted singlet-triplet (InveST) gap, which allows triplet harvesting and potentially
revolutionizes OLED efficiency. The theoretical foundation exploited the Pariser-Parr-
Pople (PPP) model for correlated m-electrons, providing computationally affordable
screening of different molecular structures. The collaboration with the ICR partner
researcher (Prof. Hironori Kaji, Kyoto University) provided complementary expertise:
synthesis (ICR: Dr. Heekyoung Choi), DNP-NMR characterization (ICR: Prof. Katsuaki
Suzuki), and theoretical support (ICR: Prof. Hironori Kaji).

The core theoretical framework relies on the PPP model combined with a restricted active
space configuration interaction (RASCI) approach (PPP-RASCI). This approach captures
the dynamical spin-polarization corrections that are critical for predicting ST inversion in
n-conjugated nitrogen-doped systems. The PPP-RASCI results were systematically
benchmarked against high-level ab initio CASSCF/QD-NEVPT2 calculations, validating
the reliability and predictive power of the model across a broad set of molecular structures.
Three publications resulted from this project: 1) DOI: 10.1021/acs.jctc.5c01571 presents
a molecular design strategy for organic diradicals bridged by InveST units targeting
optical-spin interfaces; 2) DOI: 10.1021/acs.jpca.5c08128 discusses potentially
luminescent organic radicals that could be connected to the InveST unit; 3) DOI:
10.26434/chemrxiv-2026-d65ps is currently in peer review and presents additional
InveST-bridged organic diradicals.

A key outcome was the initiation of a fruitful collaboration with Prof. Hironori Kaji and
Prof. Katsuaki Suzuki (ICR, Kyoto University). The project travel funds (220,343 JPY)
supported a research visit of the P1 and his PhD student Matteo Bedogni to ICR members
to discuss the synthesis and DNP-NMR characterization of systems closely related to
those computationally designed in Paper 1.

Results were presented at three conferences: two invited talks at the Donegani Conference
(Accademia dei Lincei, Rome, November 25-26, 2025) and at QMChem@SSM (Naples,
Italy, February 4-6, 2026), and one contributed talk at Optical Probes 2025 (Fukuoka,
Japan, September 21-26, 2025). The PI has also been invited to deliver a Keynote Lecture
at the Journées Méditerranéennes des Jeunes Chercheurs 2026 (JMJC), Nice, France
(October 8-9, 2026).
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Synthesis of higher acene derivatives and the evaluation of their
singlet-fission properties

Andrg Jancarik CRPP-CNRS

Experimental Methods, Outcomesand Analysis: In the course of the project, the team
a CRPP-CNRS focused on the synthesis of novel acene-based polyaromatic
hydrocarbons suitable for singlet fission. We in CRPP-CNRS and Yamada s team in ICR
were responsible for synthesizing the acene materials for singlet fisson and we
successfully developed anew and robust synthetic strategy for stable tetracene derivatives.
This short and straightforward approach enables the preparation of a diverse range of
tetracene derivatives on a relatively large scale (>100 mg), making them promising
candidates for singlet fission studies. Prof. Hasobe'steam in Keio Univ. isinternational ly
recognized for their expertise in singlet fission and transient absorption spectroscopy,
which significantly contributed to the rational design of new structures exhibiting singlet
fission properties. In the first stage of the project, we synthesized a prototype tetracene
derivative, H4B. Since singlet
fisson is a bimolecular
process, its verification in
H4B required investigation in
the solid state. Therefore,
H4B was sublimated onto
quartz plates to form an amorphous solid and subsequently characterized by Prof. T.
Hasobe's team. Thorough spectroscopic studies confirmed that H4B undergoes singlet
fission, efficiently generating two separated triplet states (T:) with a high yield of
approximately 70%. In the next stage of the project, we focused on molecular engineering
to control the formation of separated T. states during the singlet fission process. New
structures were designed in which two H4B chromophores were symmetrically and
unsymmetrically attached to a xanthene bridge (sym-3-H4B and uns-3-H4B). Owing to
the close proximity of the two chromophores, singlet fission could be studied in solution,
which is experimentally more convenient than solid-state measurements.

Conclusion: Thanks to the Collaborative Research Program of ICR, Kyoto University,
the CRPP-CNRS team established a highly important collaboration with a Japanese
partner, which proved essential for the development of this project. The project is already
well advanced and shows very promising results, a considerable amount of work still lies
ahead before publication. The project will continue in the coming years.

uns-3-H4B
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Modelling, design and synthesis of chiral dyesfor

CISSand CPL

D. K. Andrea Phan Huu University of Parma

Objectives: As afirst step towards modelling and design

axially chira TADF dyes, we investigated a series of
achiral TADF emitters, designed by the ICR partner group
by substitution of the donor unit of MA (Fig. 1). Chiral

analogues can be obtained exploiting axial chirality.

Experimental methods: Steady state and time resolved

UV-vis spectroscopy in solution. Photophysical
rates were estimated from fitting of the time
evolution of the integrated luminescence.
Structure of theory: TD-DFT computational
study was performed to address excited states and
conformational degrees of freedom. The model for
MA proposed in Ref 1 by some of us was modified
and parametrized to describe PA. Interestingly,
additional conformational relaxationin PA must be
introduced to properly address | SC and RISC rates.
|SC and RISC ratesin solution are estimated for PA
using the approach proposed by some of usin Ref.
2 (Fig. 2and Fig. 3).

Outcomes. The experimental characterization

reveaed that up-conversion mechanism of MA and
PA are similar. Computational analysis revealed that
the CT state in PA is closer in energy to 3LE states,

affecting SOC at the GS equilibrium, but additional
relaxation makes this difference less pronounced.
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Fig. 22 RISC and ISC rates of PA-TRZ vs
orientational field, and solvent distributions for
cyclohexane (black), toluene (red), and chloroform
(green). and

theoretical ISC and RISC rates.

Comparison of experimental

Analysis. Once solvent effects and additional vibrational relaxation pathways are
considered, similar rates are obtained for MA and PA, despite their different excited state

propertiesin gas phase.
Publications: One paper isin preparation.

References: [1] Dhali et al. PCCP, 2021, 32, 1, 378 [2] Phan Huu et al. JACS 2022, 144,

33, 15211
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High-Perfor mance Solution-State L ight-Emitting Devices through
Excimer-Formation

Malte C. Gather  University of Cologne

This study addresses the low luminance and short operational lifetime of electrochemiluminescent
devices (ECLDs) by introducing electrochemically induced hyperfluorescence (ECiHF), achieving
higher brightness, improved efficiency, and longer device lifetime. Charge-transfer (CT) excimers
formed by the TADF molecule TpAT-tFFO act as triplet-sensitizing states, enabling efficient energy
transfer to the fluorescent emitter TBRb and resulting in performance far exceeding that of
conventional ECLDs.

Objectives
The objectiveisto establish the ECiHF mechanism based on CT excimer formation and to demonstrate
its potential for high-performance ECLDs and display applications.

Experimental Methods

TpAT-tFFO and TpATtBu-tFFO were characterized using concentration-dependent, time-resolved,
and variable-temperature photoluminescence, aong with absorption spectroscopy and
spectroel ectrochemistry. ECL devices using TBRb were fabricated, including parallel-electrode I TO,
mirror-assisted, and floating bipolar el ectrode structures for display demonstrations.

Outcomes

TpAT-tFFO showed atransition to CT excimer emission at high concentration while retaining TADF
behavior. Efficient FRET to TBRb enabled ECiHF, achieving maximum luminance of 3,650 cd/m?
(glass—glass) and 6,220 cd/m? (glass—mirror). The LT50 reached 369 s (potentiostatic) and 1,252 s
(galvanostatic) at 100 cd/m?, exceeding previous ECLDs. A 10 um-resolution calligraphic display was
also demonstrated.

Analysis

In TpAT-tFFO, electrochemically generated species form CT excimers, followed by I1SC/RISC
cycling and singlet energy transfer to TBRDb, resulting in high exciton utilization. TpATtBu-tFFO
showed poorer energy alignment, mixed emission pathways, and lower performance. Maintaining
HOMO/LUMO offsets below 0.4 eV isakey design guideline for efficient ECiHF.

Publications

Thiswork has been published as:

Electrochemically Induced Hyperfluorescence Based on the Formation of Charge-Transfer Excimers,
C.-K. Moon, Y. Yasuda, Y. Kusakabe, A. Popczyk, S. Fukushima, J. F. Butscher, N. Pathak, J.
Schlecht, K. Ishihara, O. Dumele, H. Kgji,* M. C. Gather,* Nat. Commun. 2026, 17, 3753.
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Elucidation of electronic state for bis-homo in-plane aromatic molecules

Eiichi Kayahara roshima University

Diaryl ketones are valuable compounds with diverse applications in scientific and industrial fields. Among
them, diaryl ketones with a distorted cyclic skeleton have attracted attention for their potential to alter physical
properties. However, the synthesis of such ketones is still limited. In this collaboration research, we succeeded
in the synthesis of a series of [N]cycloparaphenylene ketone, [N]JCPP-CO (Figure 1), in which a carbonyl group
is inserted into [N]JCPP framework, representing the first examples of diaryl cyclic monoketones with a distorted
yet fully conjugated tether group, and investigate their structures and physical properties.*

[N]JCPP-CO (N = 6, 7, 8, and 10) was .
synthesized by a coupling reaction between a Q ' i 4# I O Q

cC=0
CPP precursor and a ketone unit, followed by @’ - I _H.

Qi

[M[CPP-CO

C=0

reductive aromatization. Single crystal X-ray
diffraction analysis and DFT calculations
Figure 1. Schematic image of this collaboration research.

confirmed their Mobius topology and

significant molecular strain as characterized by the deviations in bond angles at the carbonyl carbon. The strain
was also evidenced by size-dependent 20-50 cm ™ shifts in the carbonyl IR stretching bands. The CPP units in
[N]JCPP-CO significantly alter the electronic properties, particularly the relative orbital energies. Due to the
elevation of the energy level of the occupied = -orbitals by CPP units, the highest occupied molecular orbital
(HOMO) in [N]JCPP-CO is the conjugated = system, in contrast to benzophenone, where the HOMO is the non-
bonding n-orbital. Consequently, the lowest excited state of [NJCPP-CO is the singlet state (S1) with n-n*
character rather than the conventional n-* triplet (T1) state. Furthermore, intersystem crossing from the S; state
to the T, state, which is a characteristic process for typical aromatic ketones, does not occur efficiently. As a
result, [NJCPP-CO exhibits unique photophysical properties opposite to those of typical aromatic ketones, such
as fluorescing but not phosphorescing. Furthermore, the S; state of [NJCPP-CO was quenched by molecular
oxygen, most likely by the energy exchange mechanism. Optical and electrochemical properties showed a clear
dependence on ring size, with smaller rings exhibiting greater strain, lower oxidation potentials, and red-shifted
absorption and emission.

These findings highlight the unique interplay between molecular topology, strain, and photophysics in CPP-
based ketones and provide a foundation for designing novel w-conjugated materials with tailored excited-state
properties.

References
Kayahara, E.; Okahara, R.; Shibata, A.; Abe, M.; Yamago, S. Angew. Chem. Int. Ed. 2025, 64 (33), €202509754.
DOI: https://doi.org/10.1002/anie.202509754.
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Introduction

Organic semiconducting molecules have
attracted considerable attention due to O
their potential applications in electronic

devices such as organic field effect O

transistors (OFETS). Tetrabenzoporphyrin

2:R'"=R?=Me
3:R'=FEt, R?=Me

(TBP) and phthalocyanine offer several 4R =R2=Et

advantages, including easy optimization of molecular structure, low HOMO-LUMO energy gap, and thermal
and chemical stability. We have previously reported thermally convertible precursors of TBPs 1-6 and their
application in solution-processed OFET fabricated. In thiscollaborative project, we fabricated an n-type OFET
based on el ectron-deficient tetra(quinoxalino)tetraazaporphyrin (TQTAP).

Results 74&\ 4?;{
N=
764 via DI f}

TQTAP precursor 7 was synthesized via Diels-Alder

ﬁ\&

reaction of 5,5-dimethyl-1,3-cyclohexadiene and M M
\
vinylene carbonate, followed by hydrolysis, Swern ’7 Y ( \ J?
_—N =N
oxidation, condensation with 2,3-diaminomaleonitrile, E ; TQTAP
and  the  subsequent , ,, biots logyllel and 1,12V, plots at V, 100 V
formation of TAP. 1.6 V, =100V 5 0.0016
1.4 + 90V ) 0.0014
OFET  fabrication was L sy 0.0012
< ] veay =T 0.001 %
conducted in the Yamada = 8‘2 +50vV 58 0.0008 ~
pigt Xy @ 0.0006 &
) =y * 30V - -9 A o
laboratory at the Institute for 0.2 20V 10 0.0004
0 o 0.0002
- 0.2 T 11 0
Chemical Research, Kyoto 0 20 40 60 80 100 -10 10 30 50 70 90
University. A thin film of Vgl V VIV

TQTAP was prepared by spin-coating a 0.5wt% solution of 7 at 1,000 rpm for 1 min, followed by thermal
treatment at 220 °C for 30 min in aglove box. The fabricated FET device exhibited an n-type semiconductive
behavior. The field-effect mobilities x4 was evaluated in the saturation regime, and the on/off current ratio
(Zon/Iotf) was determined from the source-drain current (/4) measured at the gate voltages (V) of 0 and 100 V.
A good y of 1.10x10°2 cm? V1 s7%, and an Ion/Iot Of 3.71%x10°% and the threshold voltage (V) of 13.3 V were
obtained. Further improvement of device performance will be pursued through optimization of thin-film
morphology and modification of device structures.
N_ERES - 390t B - =AY - LT - AR BR - BREHEE - FHIS - LEHETF - 0BT 7 - BB
B, BAERA S 7 20 7 Z UHIBRAEDER, 2025 FARMCERFEMESSHAREIIARAR i (1
EXEBERFEMERF v /¥R) 2025 F 11 B 23-24 H (KX &—)
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Visualization and Analysis of Cellular Phase-Separ ating Proteins
Kazuya Kikuchi  Osaka University

Building on our previous development of fluorescence-based tools to visualize and quantify
liquid-solid transitions of biomolecular condensates, our collaboration with Kyoto University’s
Uesugi Group was further strengthened in FY2025 through a comprehensive omics-based
investigation of condensate states. This collaborative effort resulted in a publication in Journal of
American Chemical Society in 2025.

In FY 2025, we established a workflow that combines live-cell labeling of phase-separating
proteins with fluorescence-activated cell sorting (FACS) to isolate cell populations harboring
condensates in distinct physical states: liquid, intermediate, and solid. This strategy enabled, for
the first time, systematic downstream transcriptomic and proteomic analyses directly linked to
the material properties of intracellular protein condensates.

Using cells expressing PY P-tagged FUS(P525L), we sorted three popul ations corresponding to
liquid condensates, solid aggregates, and an intermediate transition state. RNA-sequencing
analysis revealed that cells containing solid or intermediate condensates exhibited coordinated
transcriptional changes compared to cells with liquid condensates. Complementary quantitative
proteomic analyses further demonstrated that condensate solidification is accompanied by a
pronounced increase in extracellular matrix (ECM) proteins. Gene ontology enrichment
consistently identified extracellular matrix organization as the most significantly upregulated
biological processin cells harboring solid aggregates. Key ECM components, including collagen
and laminin family proteins, were validated as being progressively upregulated along the liquid-
to-solid transition axis. Thisfinding reveals a previously unrecognized link between intracellular
condensate solidification and extracellular matrix remodeling.

Collectively, the FY 2025 outcomes extend our earlier biophysical and imaging-based studiesinto
the cell biological studies with previously unrecognized insights. This work establishes an
integrated chemical biology-omics platform for dissecting the biological consequences of protein
phase transitions and provides a conceptua framework for understanding how aberrant
condensate solidification may contribute to disease-associated cellular states. We sincerely
acknowledge the continued and productive collaboration with Kyoto University’s Uesugi Group,
which was essential for achieving these advances.
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1. Yamamoto, Y., Nakagawa, M., Glushka J, Maeno A, Tsunoda, M., Shimada, E., Nakatani, F., Ichihara, K.,
Matsumoto, A., Edison, A. S., Kgji, H, Toguchida., J, Alman, B, Ito, T., Hattori, A.* BCAA transaminase
as a critical regulator of human chondrosarcoma progression and differentiation through enzymatic and
non-enzymatic mechanisms. British Journal of Cancer, In revision (2026)

2. Matsuura K., Shinonaga R., Yamamoto M., Okuda K., Inoue H., Imotani S., Glushka J., Watanabe Y.,
Takada M., Inoue J., Kgji, H, Hattori A., ImamuraH., Ito T.* Unique Metabolic Dependency on BCAA
Defines Cancer Stemness and Malignancy in Human Triple-Negative Breast Cancer. Cell Reports, In
revision (2026)
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Chemical Geneticsof XZA-1
LuZhou Fudan University

This collaboration with Professor Uesugi at the Institute for Chemical Research (ICR),
Kyoto University, focused on elucidating the chemical and metabolic regulation of hypoxia-
inducible factor-lo (HIF-1a) signaling in cancer. Professor Uesugi provided critical
guidance on chemical biology strategies throughout the project. The collaborative work
resulted in aresearch article published in Cell Chemical Biology in 2025.

HIF-1o is a master transcriptional regulator of hypoxic responses and is frequently
hyperactivated in solid tumors through post-translational modifications, including
SUMOylation. CBX4 functions as a SUMO E3 ligase that enhances HIF-1o transcriptional
activity; however, regulatory mechanisms controlling CBX4 itself were previously unclear.

Through large-scale phenotypic screening of over 100,000 compounds, we identified XZA-
1 as a potent small-molecule inhibitor of CBX4-dependent HIF-1a activation. Mechanistic
studiesrevealed that XZA-1 directly activates 3-hydroxyacyl-CoA dehydrogenase (HADH),
a mitochondrial enzyme involved in fatty acid p-oxidation. HADH activation leads to
intracellular accumulation of acetoacetyl-CoA, a metabolite that induces acetoacetylation of
CBX4 at lysine 106. This post-translational modification suppresses CBX4 SUMO E3 ligase
activity, resulting in reduced SUMOylation and transcriptional activity of HIF-1a.

Importantly, the biological relevance of this pathway was validated in multiple cancer cell
lines, xenograft mouse models, and human hepatocellular carcinoma (HCC) tissues.
Elevated levels of CBX4 K106 acetoacetylation correlated with improved overall survival
in HCC patients, highlighting its potential clinical significance. This study establishes
acetoacetyl-CoA as a bioactive antitumor metabolite and proposes HADH activation as a
novel pharmacological strategy to modulate hypoxia signaling.

Professor Uesugi’s expertise in chemical biology was instrumental in ensuring rigorous

experimental design. This collaboration exemplifies the value of interdisciplinary
supervision.
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Exploration and Analysis of Fluorescent Probes for Biomolecular
Condensates

Young-Tae Chang POSTECH

Protein condensation through liquid-liquid phase separation (LLPS) has emerged as a
fundamental mechanism underlying cellular organization, particularly driven by intrinsically
disordered, low-complexity protein regions. In this collaboration, the Uesugi Group at the
Institute for Chemical Research (ICR), Kyoto University, and our research group at POSTECH
aimed to develop fluorescent probes that selectively label protein condensates and enable real-
time analysis of their dynamic formation and transitions.

In FY 2025, the collaboration was strengthened through direct interactions. An in-person meeting
was held at POSTECH in May with Prof. Uesugi and members of his laboratory to accelerate
scientific exchange and align research strategies. Subsequently, during the summer, our |aboratory
hosted a graduate student from ICR for one month. The student conducted a large-scal e screening
of approximately 1,700 fluorescent compounds to identify probes that preferentially accumulate
in LLPS droplets formed by p62 and FUS(P525L ). Although this screening did not yield probes
with the desired selectivity, the effort provided valuable technical insights and informed
subsequent directions.

Importantly, thisinitial outcome prompted the development of an alternative and moreinnovative
strategy. By integrating the Uesugi Group's protein-tagging and photodamaged-protein isolation
technology (JACS, 2022) with our expertise in fluorescent probe discovery, we established a new
proximity-based protein capture approach. Many fluorescent probes, particul arly those excited by
high-energy blue light, generate localized reactive oxygen species upon photo-irradiation.
Leveraging this property, we developed a method to capture and identify proteins in close
proximity to fluorescent probesin live cells.

This newly developed technology has enabled us to determine the subcellular localization and
protein environment of existing fluorescent probes, as well as to elucidate the molecular context
of previously “mysterious’ probes discovered in our laboratory that exhibit characteristic staining
patterns in senescent cells. We consider this co-developed technology to be highly promising,
with strong potential to yield biologicaly significant insights into cellular organization and
disease-related states. On this basis, we are highly motivated to further degpen and expand this
collaboration in the coming years.
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Synthetic and Functional I nvestigation of Arvenin |
Xiaoguang Lel  Peking University

This collaborative project with the Uesugi group at | CR focuses on elucidating the structural
and functional requirements of arvenin |, the first covalent kinase activator discovered by
the Uesugi group. Arvenin | enhances anticancer immune responses by covalently binding
to MKK3 and activating the MKK3—38 MAPK signaling pathway in T cells. Arvenin |
restores mitochondrial fitnessin exhausted T cells, highlighting its strong potential asanovel
Immunotherapeutic agent.

A key finding from the Uesugi group is that the glycosylated form of arvenin I exhibits
markedly higher biological activity than its aglycone counterpart. This observation suggests
that the glucose moiety plays acritical rolein cellular uptake and/or molecular recognition.
Accordingly, the primary objective of this collaboration is to clarify how glycosylation
governs the transport, target engagement, and biological activity of arvenin | through
integrated chemical and biological approaches.

Substantial progress was achieved during FY 2025 through close coordination with the
Uesugi group. In vitro kinase assays demonstrated that arvenin I, arvenin Ill, and non-
glycosylated derivativesal activate the MKK 338 MAPK signaling cascade. These results
indicate that the reduced activity of the non-glycosylated derivatives (CuB and CuD)
observed in cellular IL-2 assays s likely attributable to factors such as cellular permeability
or selectivity, rather than a loss of intrinsic kinase activation. PAMPA assays showed that
arvenin | and arvenin |11 are non—cell-permeable, whereas CuB and CuD display limited
membrane permeability. Arvenin |-mediated IL-2 restoration was abolished by the pan-
GLUT inhibitor phloretin, indicating that arvenin | utilizes a glucose transporter for cellular
entry.

In parallel, multiple 2-OH carbamate derivatives of CuB were successfully synthesized,
generating an initial compound set for structure-activity relationship studies. In addition,
chemoproteomics experiments comparing arvenin | and CuB were initiated, with ongoing
optimization to improve sensitivity and target coverage.

Plans for FY 2026 include completion of the chemoproteomics studies, further expansion

and functional evaluation of CuB derivatives, and the synthesis of an azide-labeled arvenin
| derivative to enable imaging-based analyses of cellular uptake and target engagement.
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Biogenesis, functions, and application of bacterial extracellular
membrane vesicles

Wei Yunlin  Kunming University of Science and Technology

A Gram-negative bacterium, Shewanella vesiculosa HM13, isolated by the
group of the ICR partner researchers from the intestinal contents of horse mackerel,
abundantly produces EMVs. Their magjor cargo protein of unknown function, with a
molecular mass of 49 kDaand designated P49, isloaded onto EMV sthrough interaction
with capsular polysaccharide (CPS) on the EMV surface. To gain insights into the
structural moiety of P49 responsible for interaction with CPS, we performed
crystallographic analysis in collaboration with researchers at Kyoto University.

In 2025, our research advanced bacteriophage—host interaction studies with a
trandlational emphasis on: (i) Developing and validating phage candidates to control
Pseudomonas syringae (Pss) for reduced antibiotic dependence; and (ii) Synthesizing
emerging “communication” frameworks (quorum sensing-like systems) that govern
phage infection strategies and shape microbial ecology, together with insights into
bacterial oxygen adaptation relevant to persistence and pathogenicity.

Publications (2025): 1) Frontiers in Microbiology (published 12 Nov 2025):
“Characterization of two novel bacteriophages (PSV6 and PSV 3) as biocontrol agents
against Pseudomonas syringae.” DOI: 10.3389/fmich.2025.1633072. 2) Viruses
(published 26 Feb 2025): QS and lysisHysogeny decision review. DOI:
10.3390/v17030317. 3) Microorganisms (published 4 Sep 2025): Arbitrium (ARM)
communication system review. DOI: 10.3390/microorganisms13092058.

Funding Information: Yunnan Province Science and Technology Plan Project
(202201AU070003) and Yunnan Provincial Department of Education Science Research
Fund (2024J0546).

Future plan: (i) Develop stable formulations and conduct field trials for
PSV 6/PSV 3-based biocontrol; (ii) Build QYARM-informed predictive frameworks to
guide phage selection and dosing strategies under ecological constraints; (iii) Extend
oxygen-adaptation multi-omics to infection-relevant models to identify intervention
targets that disrupt persistence and virulence.
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Structural and functional analysis of the surface polysaccharides of
outer membrane vesicles released by bacteria

MariaMichelaCorsaro  University of Naples Federico Il

Objectives This study aims to determine the structures and functions of surface glycans
of Shewanella vesiculosa HM13, a hyper-vesiculating Gram-negative bacterium.
Capsular polysaccharide (CPS) is a major surface component of this bacterium's outer
membrane vesicles (OMV's) and plays akey rolein protein loading onto OMV s and their
biogenesis. CPS consists of a pentasaccharide repeating unit with neutral and amino
sugars (Casillo et al., 2022), one of which has an N-acetimidoyl group derived from an
N-acetyl group. Because our previous studies suggested that the surface properties of
OMVs are affected by the deletion of wecA, we will focus on a structural analysis of
polysaccharides from the wecA mutant strain. The monosaccharide composition was
obtained by derivatisation into acetylated methyl glycoside (AMG) and GC-MS analysis.
Experimental To obtain structural information on surface glycans, the wecA mutant cells
were extracted by phenol/chloroform/petroleum ether (PCP) 2:5:8 v/v and water/phenol
method. All the extracts were dialysed against water (cut-off 3500 Da) and freeze-dried.
The obtained extracts were analysed by DOC-PAGE and visualised after silver staining.

The monosaccharide composition was obtained after derivatization into AMG.
Results The cells of the wecA mutant of S. vesiculosa HM 13 were extracted by PCP and

hot phenol/water methods. After precipitation of the lipooligosaccharides (LOSs), the
residual phenolic and agueous phases were dialyzed against water. The GC-MS analysis
of monosaccharides derivatised as AMG disclosed the presence of glucose (Glc), 2-
amino-2-deoxy-glucose (GIcN), and heptoses (Hep), as already reported for the LOS
isolated from the wild-type (Casillo et a., 2019). The AMG chromatograms of phenolic
and aqueous extracts disclosed the presence of monosaccharides attributable to the LOS
(glucose and heptoses). Furthermore, no peak assigned to rhamnose was detected, thus
indicating that the CPSisolated from S. vesiculosa HM 13 wild-type was not produced by
the wecA mutant.

References Casillo, A. et al. Marine Drugs (2019), 17, 34; Casillo et al., Carbohydrate
Polymers (2022), 297, 120036.
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Exploration of useful bacteria for nanobiotechnology
Douglas Bartlett UC San Diego

Objectives: Membrane vesicles are membrane-encapsul ated nanoparticles secreted by all organisms,
such as humans, plants, and bacteria. These nanoparticles play important physiological roles in
various biological activities. In bacteria, these vesicles are generally called outer-membrane vesicles
(OMV s) and extracellular membrane vesicles (EMVs). Bacterial membrane vesicles (MVs) contribute
to inter- and intraspecies communication, including infection and microbiome formation, to support
bacterial survival. Moreover, MVs have attracted great attention across various bio-industrial fields
and are expected to be used as platforms for novel vaccines and nanoreactors as natural nanocarriers.
This study aims to screen for novel bacterial strains that produce large amounts of MVs and to

elucidate the molecular basis of MV formation.

Results and Discussion: Shewanella vesiculosa HM 13, a gram-negative bacterium isolated from the
fish intestine, produces a large amount of MV's compared to E. coli and lactic acid bacteria, and the
related Shewanella species. Previously, we developed a novel peptide-based tool that enables rapid in
situ screening of mutants for changes in MV production from the transposon random mutant library
(Inoue, 2025). Using this approach, multiple genes involved in MV production were identified. One
of the identified genes, #7m2929, encodes a RadD homolog, a putative DNA helicase containing a
conserved DNA-binding motif. Transposon insertion into 4m2929 resulted in approximately a two-
fold increasein MV production. To investigate the molecular basis underlying this phenotype, whole-
cell proteomic analysis was performed. The results revealed that, in the 2m2929-deletion mutant, the
relative abundance of a putative phospholipid transporter, LetB, encoded by #m2719, was significantly
reduced. Consistent with this observation, deletion of 4m2719 aso led to increased MV production.
In gram-negative bacteria, LetB transports excess phospholipids from the outer membrane to the inner
membrane, thereby maintaining outer membrane integrity. LetB-deficient mutant of S. vesiculosa
HM 13 (ALetB) also exhibited increased SDS sensitivity, indicating outer-membrane destabilization.
Comparative lipidomic analysis reveaed that the cellular phospholipid composition of the parent
strain and ALetB was comparable. In contrast, MVs derived from ALetB showed a marked increase
in the relative abundance of phospholipid species containing a palmitoyl acyl chain (16:1-PLSs).
Furthermore, nanoparticle tracking analysis demonstrated that loss of LetB markedly atered the MV
size distribution. While S. vesiculosa HM13 predominantly produced MVs with a uniform diameter
of approximately 70 nm, ALetB generated a broader and more heterogeneous MV's, with vesicles
larger than 200 nm being frequently observed. These observations indicate that LetB plays akey role

in maintaining the outer-membrane lipid homeostasis and vesicle size fidelity.
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Recycling of polymer-matrix composites by subcritical/supercritical water 11
Maya Endoh Stony Brook University

Objective: Recently, Mitsubishi Chemical Corporation and ENEOS Corporation announced
their SCW-based plastic-to-oil  project in  Japan.Polymer degradation under
subcritical/supercritical water (subCW/SCW) conditions is receiving much attention because
of arapid and catalyst-free reaction, the high conversion rate to hydrocarbons, and no use of
toxic organic solvents. Supercritical water environments will be used to probe rapid
depolymerization pathways, while subcritical conditions will enable controlled observation of
intermediate structures and degradation mechanisms. Despite the aforementioned potentials
over other technologies, the use of SCW for handling organic systems is very limited. This
project aims to establish a mechanistic understanding of polymer degradation under
supercritical and subcritical water conditions by leveraging advanced X-ray scattering
technigues. By integrating in situ small- and wide-angle X-ray scattering (SAXS/WAXYS), we
will resolve structural evolution across multiplelength scales during hydrothermal degradation.
Ultimately, the objective is to develop predictive structure—processing—degradation
relationships that inform the design of polymers with tunable lifetimes and improved
recyclability. This work will provide a foundation for sustainable materials processing and
closed-loop polymer lifecycle engineering.

Experimental Method & Results: We have successfully finished developing a new high-
pressure cell for X-ray scattering experiments. The cell

was constructed by Kouatsu System, Co., LTD

(Saitama, JP) (See Figure 1). We have validated the
safe performance of the cell, asit operates at pressures
up to 30 MPaand temperatures up to 400 °C. Wefound

that the materials of the O-ring packing at the diamond

window cannot be polytetrafluoroethylene (PTFE) or

polyimide as subCW/SCW degrade polymers. While
this suggests that subSC/SCW may degrade polymers
that are not easily decomposed under heat, we have
decided to use pure gold for the O-ring. We confirmed

that the pressure drop was minimal while keeping the
temperature constant, thus it passed the safe
performance test.

To compare with the SCW depolymerization
process, we investigated the degradation process of
polylactic acid (PLA) in an aqueous solution at room
temperature. To initiate the reaction, we used the
enzyme (proteinase K). We conducted X-ray scattering
based scanning tomography for imaging and structural
characterization at the LiX beamline, NSLSHI,
Brookhaven National Laboratory, USA. The wide-
angle X-ray scattering (WAXS) tomography images
show PLA degraded by Proteinase K from week 1 to
week 5. Each WAX Simage exhibitslocal heterogeneity — Figure 2: X-ray scattering tomography images of
. , L . . . PLA degraded by Proteinase K from week 1 and
in PLA's crystallinity. We will continue to examinethe e 5 are shown. The arrow indicates that the
degradation process under ambient condition and  outer shell hashigher crystallinity.
subCW/SCW conditions.

Figure 1: Front view of the high-pressure cell for
X-ray scattering.

Week 5
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Synthesisand Tribological Applications of Polyether-Brush-Coated
Particles

Kohji Ohno Osaka Metropolitan University

INTRODUCTION Lubricantsarewidely utilized inindustrial products and manufacturing processes
to minimize friction and wear between moving parts. A key research challenge in recent years has
been the development of functional additives to enhance lubricant performance and efficiency.
Achieving this goal holds the potential to address economic and environmental concerns, thereby
contributing to a more sustainable society. While the incorporation of fine particles into lubricating
fluids has been explored, the impact of structural parameters such as particle size and surface
properties on lubrication performance remains insufficiently understood. The present study aims to
synthesize hybrid nanoparticles grafted with polyether brushes that exhibit a range of structural
parameters, utilizing surface-initiated ring-opening polymerization of epoxides.

RESULTS AND DISSCUSION  Surface-
1.2

initiated ring-opening anionic polymerization . ' s

(SI-ROAP) were employed to modify the ' a3 g

surfaces of alumina nanoparticles (AINPs) with PECH SiNP ©°¢ f,,

polyether brushes. AINPs with a diameter of 20 = 04

nm were treated with a silane coupling agent - 023
0.0

containing thiol group to introduceinitiation sites 02

“o 200 400 600 800

on their surfaces. Subsequently, polye Temperature (°C)

pichlorohydrin (PECH) was grafted onto AINPs Figure 1. TGA showing the degradation of

via SI-ROAP, resulting in PECH-grafted AINPs  PECH grafted to the surface of the nanoparticle.
(PECH-AINPs). A TGA result from these

nanoparticles is shown in Figure 1, suggesting the polymer brushes are attached to the surface. The
graft polymer was cleaved from the nanoparticle surface to determine its molecular weight. Typically,
PECH-AINPs (30 mg) were dispersed in 5mL of toluene and stirred vigorously overnight to ensure
suitable dispersion. Then, a phase transfer catalyst, tetraoctylammonium bromide (30 mg), followed
by 48% HF (1mL) was added and the dispersion was stirred overnight. Using thus determined
molecular weight of graft polymer, the graft density of PECH chains on the AINP surfaces was
calculated to be 0.8 chaing/nm?, indicating high-density grafting. By varying the polymerization
conditions, hybrid particles with varying graft chain molecular weights were synthesized. Future
efforts will focus on investigating the lubrication performance of a liquid prepared by dispersing
PECH-AINPs in an ionic liquid and then optimizing nanoparticle structures to prepare nanoparticle-
based additives exhibiting superior lubrication properties.
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Real-time observation of self-assembly and phase transformation of
nanocrystals

Oh-Hoon Kwon KAIST

Palladium (Pd)-based catalysts play a key role in a variety of industrially important
reactions. However, sulfur-containing impurities like alkanethiols may hamper catalytic
activity and ater reaction selectivity. Therefore, understanding the formation Pd—S phases
and their kinetic pathway is essential for elucidating sulfur poisoning mechanisms and
improving catalyst durability. It has been reported that thiol-Pd interactions induce the
formation of Pd:S, phases beneath the thiolated surface, athough the continuous
structural evolution during the phase evolution could not be directly tracked. Here, we
investigate the sulfidation of Pd nanocrystals (NCs) with temperature in real time,
focusing on the temperature-dependent phase evolutions towards forming PdsS, and the
timescale of the structural transformation.

The in situ heating X-ray diffraction A R 294K &
(XRD) results (Fig. 1A) show that, at SR =
approximately 480 K, the diffraction peaks
exhibit pronounced broadening,
accompanied by a splitting of the Pd (111)
peak into peaks corresponding to the (210)
and (112) reflections of Pd.S. This behavior
indicates the onset of the structural evolution
associated with the formation of palladium
sulfide phases. High-resolution transmission
electron microscopy (HRTEM) analysis 10 R s
(Fig. 1B-D) revedls that the sulfidation [ 3 (a) Temperature-dependent in situ
reaction does not proceed through a heating XRD patterns of Pd NCs during
monotonic transformation from Pd to PdsS. ;JISS ﬁ'ggégé?ﬁggﬂg‘%ﬁ fmg';"—g?
Instead, multiple intermediate Pd:S, phases the same PdiS NC, but at different
were observed. Notably, even at the same tﬁrg?ﬁr ﬁgﬁ;é@g]ﬁfx J%??gi;g';ﬁrsn 2t
temperature, different NCs exhibit distinct nm for HRTEM images and 10 nm™ for FFTs.
crystallographic phases, demonstrating significant heterogeneity in the phase evolution
behavior. These findings suggest that the reaction is not governed solely by
thermodynamic equilibrium but is strongly influenced by kinetic factors that may depend
on aparticle size, adefect density, and alocal sulfur diffusion rate.
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Ultrafast measurement of relativistic laser-generated plasma

Masato Ota National Institute for Fusion Science

Objectives

With the development of chirped pulse amplification, high-intensity short-pulse lasers, which have
sub-picosecond pulse widths, reached arelativistic regime, where electrons are directly accelerated by
electromagnetic fields of the laser pulses. This property is promising for various applications such as
next-generation accelerators and inertial confinement fusion. Relativistic |aser-plasma acceleration
has been studied for decades. However, experimental study on elemental process of laser-plasma
interaction was not fully explored because the time scale of the phenomenais short (picoseconds), and
ultrafast diagnostics were very limited. In this research, we apply ultrafast diagnostics to relativistic
laser-generated plasmas at ultra-high-intensity ultra-short pulse laser system “T6 laser” of Tokita
Laboratory (energy of 300 mJ, pulse width of 30 fs, and central wavelength of 800 nm).
Experimental Methods

In the experiment, we utilized sequentially timed all-optical mapping photography (STAMP) to obtain
the tempora evolution of the two-dimensional plasma density profiles. STAMP consists of a
diffractive optical element (DOE), a band-pass filter, and two Fourier transform lenses. By employing
alinearly frequency-chirped pulse by temporal mapping device (TMD) and mapping the wavelength
to the time axis by spatial mapping device (SMD), single-shot ultrafast burst imaging is achieved.
Outcomes

Figure 2 shows the STAMP measurement results obtained in the experiment. Each frame corresponds
to delay times (T) of 20, 50, 377, 740, and 1630 ps between the pump irradiation and the arrival of the
probe beam at the copper wire. At T = 20 ps, plasma formation occurs instantaneously over a wide
areacentered at thefocal spot. Until T = 740 ps, the plasma expand monotonically; however, after that,
the growth of filamentary structures appears. These filamentary structures are not observed at non-
relativistic laser intensities and are considered to be instabilities unique to high-energy plasmas. The
present measurement technique has potential to serve as a platform for high-energy plasma

experiments, which has low reproducibility such as plasma instabilities and sudden transient events.
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Fig. 2. Spatiotemporal profile of the laser-
Fig. 1. Experimental setup of STAMP. generated nlasma obtained bv STAMP.
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Search for four-wave-mixing in the vacuum
—Unvelling dark componentsin the Universe—

Kensuke Homma Hiroshima University

Purpose and M ethod

The aim of this study is to investigate Four-Wave-Mixing (FWM) phenomena within a vacuum
environment, with the goal of shedding light on the dark components present in the Universe. To this
end, we have developed and refined an ultra-high vacuum chamber at ICR for this purpose. Within
this vacuum chamber, two-color laser pulses are combined collinearly and focused into the vacuum
along the same optical axis. If photon-photon interactions occur within this vacuum setting, the
production of intrinsic FWM photons through the stimulated interaction w+w —(2-u)w+uw Is
expected to be amplified. Here, w represents the energy of the creation laser pulse, while uw
denotes the energy of the inducing laser pulse with O<u<1. The energy of the signal photon generated
in this scattering process corresponds to (2-u).

Progress and Achievements

We have developed an eclipse filtering system to suppress the entrance of the background FWM
photons from the optical components into the photon counter using an image intensifier camerain
order to capture the 2-dimensional image of the weal background FMW photons. With this filtering
system, we have furthermore extended the search by increasing laser intensity and the null result has
been published in [1]. Furthermore, in order to access the €V mass range of dark components, we
have performed a search based on the same detection concept with a three-beam collider and
published the null search result [2].
We summarize the published papers relevant to these related subjects during FY 2025 as follows:

Published papers

[1] “Search for sub-eV axion-like particlesin a quasi-parallel stimulated resonant photon-photon collider with “coronagraphy™

Yuri Kirita, Airi Kodama, Kensuke Homma* et al. (SAPPHIRES collaboration)
Published in: JHEP 06 (2025) 138 (acknowledge the support by ICR)
DOI: 10.1007/JHEP06(2025)138,

[2] “Single-Point Search for eV-scale Axion-like particles with Variable-Angle Three-Beam Stimulated Resonant Photon Collider”
Takumi Hasada, Kensuke Homma* et al. (‘SAPPHIRES collaboration)
Published in: Universe 2026, 12(1), 17 (acknowledge the support by ICR)
DOI:10.3390/universe12010017.
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Flow Chemistry for the investigation of sustainable cyclisation
conditions

ThomasWirth  Cardiff University

This report builds on our previous collaborative research with the Nakamura group (ICR
partner researcher). As the origina starting materials 1 for the proposed study were no
longer commercially available, we successfully devel oped and extended asynthetic route,
enabling the preparation of compounds 1 in good yields and sufficient quantities. These
materials were also supplied to the Nakamura group, allowing the planned experiments
to proceed as intended. Selected results were discussed in depth with the Nakamura
research team during a highly engaging and productive visit in September 2025.

Whilethe electrochemical cyclization of the target moleculesin the presence of elemental
oxygen did not yield the desired products, extensive efforts, including aternative non-
photochemical methods for the generation of singlet oxygen (*0:), provided valuable
insights. Although these approaches did not lead to productive cyclizations, the outcome
isscientifically informative and contributes to a clearer understanding of the role of gold
nanoclusters in the cyclization reaction.

Compounds 1 have been synthesized successfully but the electrochemical reaction
produced only N-oxide products which were observed in the crude NMR. About 100
electrochemical reactions have been attempted using different reaction conditions.
However, the reactions using gold nanoclusters (AuNCs) as photocatalysts for the
oxidative cyclization of amino alcohols (ACS Catal. 2021, 11, 13180-13187) seem to
provide small amounts of products as the compounds 3¢’ and 3¢ have been isolated and
characterized resulting from either a cyclization via the benzyl group (3¢’) or via the
methyl group (3¢”).

We have already written a draft manuscript on the starting material synthesis and the
comparative cyclization reactions, which we hope to be able to submit soon for
publication.

1.NBS
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OH OH Me
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Cyclization attempts:
£ OH Ph
.'_:_f)> gold nanocluster 0'{ o i |
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flow electrochemical 0o photochemistry ] Me ]
reactor Me (Asahi Spectra MAX-303) Me Me
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Synthesis and characterization of raw and
polymerized Asian lacquer samples: towar dsthe development of a
comprehensive collection of lacquer reference samplesfor materials
science and conser vations studies

Bonaduce llaria University of Pisa

Asian lacquer is obtained from the viscous sap collected from the Toxicodendron
vernicifluum tree. Urushi is a natural product, a water-in-oil emulsion composed of
urushiol (60-80%), water (10-30%), gum (3-6%) and enzymes (2-3%). The urushiol
fraction contains a mixture of phenolic lipids which undergo enzymatic and auto-
oxidative cross-linking to form the solid urushi film. Due to the well-known resistance of
urushi against attacks by acids, bases and all types of solvents, one of the few techniques
available to characterize both fresh and ancient urushi films is pyrolysis-gas
chromatography-mass spectrometry. Despite the versatility of this technique, it has been
difficult so far to unequivocally attribute the origin of the peaksin the complex pyrograms.
In order to reliably understand the data obtained from the analysis of ancient urushi
artifacts, it is of the outmost importance to compare the results from the natural material
with those relative to the pure components of urushi. Access to synthetically prepared
urushi monomers represents a powerful tool for model studies aimed at disentangling the
Scheme 1 mechanisms of film formation. Such an

approach not only provides new insights

OMe
R* MgBrLiBr . .
OMe o4 relevant to conservation strategies, but
Fe cat R'\©/R R"\©/R
. L —_—

R-Br

aso contributes to a  deeper

R= Ah="="=" __ en understanding of how urushi films can be
e R deliberately modulated to improve
e durability or talor specific fina
s properties. Currently, the ICR team is

working on thetotal synthesisof the main
urushiol components, (82, 11E, 13Z)-trienyl pentadecylcatechol, and of several urushiol
analogs via iron-catalyzed reaction, see Scheme 1. The synthetic routes have been
systematically optimized and validated for large-scale production, ensuring the
availability of sufficient quantities of reference compounds for analytical, mechanistic,
and materials-oriented investigations. In addition, on 12-13 February 2026 an
international workshop entitled “ Urushi and Asian lacquers in Western collections:
scientific and conservation challenges’” was held at the British Museum (UK). The event
was co-organized by all members of this collaborative team (Bonaduce, Pincella,
Tamburini, Mineo) and brought together an international group of scientists, conservators,
and material specialists from Europe, Asia, and North America. The workshop provided
a dedicated forum to discuss the current state of the art, emerging analytical approaches,
and unresolved challenges in urushi research, with a particular focus on the chemical
characterization of lacquer materials and their implications for conservation practice.
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DNA-binding properties of chemically modified homeoproteins
Fabienne Burlina Sorbonne University

Objectives. Homeoproteins (HPs) are transcription factors having the remarkable
capacity to transfer between cells. This process, associated to their paracrine activity, is
mediated by their cell-penetrating domain located in their homeodomain, which also
functions as the DNA-binding domain.! Studies on HPs have led to the discovery of one
of the first cell-penetrating peptide (CPP),% now widely used as avector for drug delivery.
HPs themselves are promising candidates for clinical development given their combined
capacity for gene regulation and cell-penetration.! The aim of the project isto design HP
derivatives with increased cellular uptake and preserved DNA-binding properties.

References: 1) Joliot A., Prochiantz A. Front Cell Dev Biol 2022, 10:926421. 2) Derossi
D., Joliot A.H., Chassaing G., Prochiantz A. J Biol Chem 1994, 269,10444.

Experimental Methods. To improve HP interactions with their partners (membrane
components, DNA), akey residue of their CPP domain was substituted with non-natural
residues featuring tuned physico-chemical properties. The substitutes were first
introduced on a HP-derived CPP and were evaluated at different levels: i) cellular uptake
quantification by fluorometry, ii) secondary structure analysis by CD and/or NMR, iii)
affinity for membrane partners analysis by calorimetry, iv) affinity and selectivity for the
DNA target analysis by EMSA and fluorescence anisotropy. Selected substitutes have
already been introduced in truncated HP derivatives containing the essential domains for
cell penetration and DNA-binding. An optimised solid-phase synthesis procedure using
backbone amide protecting groups introduced at key positions allowed the synthesis of
the small proteins (60-80 residues long) with good yields.

Outcomes. So far, we have identified several substitutesimproving the entry of the CPP
and one, also increasing the entry of the truncated HP and showed that these substitutions
do not perturb the peptide/protein secondary structures. Studies on DNA binding are
ongoing. On the long-term, the data will support the design of an HP with improved
properties for therapeutic applications.

Oral communication: L. Cano-Gonzalez, M. Samapour, F. Illien, D. Ravault, A.
Walrant, O. Lequin, M. Larregola, F. Burlina. Designing new cell-penetrating peptides
and therapeutic homeoproteins. French-Italian Joint Meeting GFPP24. Aussois, France,
22-26/06/2025.
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Analysisof intracellular delivery mechanism of nanomedicine
SilviaPujals Institute for Advanced Chemistry of Catalonia

Nanomedicine has been widely explored as a strategy to improve therapeutic efficacy
while reducing side effects through selective drug delivery. However, the limited clinical
success of nanomedicine indicates that intracellular behavior, including uptake pathways
and endosomal escape, remains insufficiently understood. This collaborative project
aimed to strengthen cooperation between my group and the Kawaguchi group at Kyoto
University and to discuss strategies for analyzing intracellular delivery mechanisms of
nanomedicines. During thisreporting period, the activities focused primarily on scientific
exchange, discussion, and technical training.

In September, | visited Kyoto University and delivered a seminar introducing our work
on nanoparticle design, structural characterization, and intracellular imaging approaches.
This visit enabled detailed discussions on nanoparticle architecture, physicochemical
properties, and strategies for evaluating intracellular behavior. These exchanges hel ped
identify complementary expertise between the two laboratories and refineideas for future
collaborative studies.

In October, my postdoctoral researcher Dr. Monikavisited Kyoto University and received
practical training in intracellular delivery experiments. The training included cell-based
uptake assays, fluorescence imaging, and approaches to analyze uptake pathways. She
also delivered aseminar presenting ongoing research from our laboratory. These activities
promoted technical exchange and improved mutual understanding of experimental
methodologies.

Through these visits, the collaboration strengthened the connection between the two
laboratories by facilitating researcher exchange, knowledge sharing, and methodol ogical
alignment. The discussions clarified key challenges in intracellular delivery of
nanomedicines and highlighted promising directions for future research. In particular, we
recognized the importance of integrating nanoparticle engineering with delivery-active
components to improve intracel lular access and therapeutic performance.

In summary, this project effectively promoted international collaboration through
seminars, discussions, and technical training. The exchanges clarified research directions
and established a strong foundation for future collaborative studies aimed at improving
intracellular delivery efficiency of nanomedicines.
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Visualizing RNA Editing in Action:
Developing Single-M olecule Resolution Techniquesfor Live Cells

Tim Stasevich  Colorado State University

RNA editing offers a reversible alternative to genome editing, but current assessment
methods rely on bulk experiments that cannot capture the dynamic nature of RNA
modifications. The objective of this project was to develop methods for visualizing RNA
editing at single-molecule resolution in living cells, in collaboration with Dr. Miki
Imanishi's group. We designed a reporter construct where trandation of a fluorescent
signal isconditional upon RNA editing. A stop codon in the mRNA is converted to asense
codon through A-to-I editing, allowing translation to proceed only when editing occurs.
This design ensures that fluorescent signals are observed only when RNA editing has
successfully occurred, enabling us to monitor editing events at the single-molecule level.
The Imanishi group has been developing sequence-specific artificial RNA binding
proteins, which could potentialy be used to modulate RNA editing by recruiting or
blocking editing factors at specific sites. We successfully developed and validated our
RNA editing reporter system. As shown in Figure 1, bright fluorescent spots indicating
active trandation were observed in cells expressing the RNA editing machinery (A),
while cellswithout the editing machinery showed only diffuse background signal with no
tranglation spots (B). These results demonstrate that we now have a functional platform
for monitoring RNA editing in live cells. The successful validation of our reporter system
establishes a foundation for the next phase of research. With a functional imaging
platform in place, we are now ready to test the RNA binding proteins from the Imanishi
group, which will alow us to modulate and observe RNA editing in real time. We are
excited to continue this collaboration in the coming year.

Figure 1. Tranglation signals detected in cellswith RNA editing.
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Molecular mechanisms for the inactivation of a growth hormone in rice
ZuhuaHe Chinese Academy of Sciences

Objectives: Bioactive gibberellins (GAs) are a group of plant hormones that regulate such
diverse developmental processes as seed germination, leaf expansion and stem elongation. They
are tetracyclic diterpenoid carboxylic acids that are biosynthesized from the methylerythritol
phosphate pathway in the plastid. Bioactive GAs play critical roles in promoting growth,
including internode (stem) elongation of rice. The elongated uppermost internode 2 (eui2)
mutant of rice shows atall phenotype due to its elongated uppermost internode. Because of this
reason, this mutant has been utilized in hybrid rice breeding in order to eliminate panicle
enclosure in male sterile parents. We have previously shown that EUI2 is an uncharacterized
protein that belongs to the o,B-fold hydrolase superfamily. In collaboration with Shinjiro
Yamaguchi’sgroup, we have found that £UI encodes acytochrome P450 enzyme that deactivates
GAs via 16a0,17-epoxidation. Based on these results, we speculated that EUI2 might act as an
epoxy hydrolase and further deactivate epoxidated GAs in the uppermost internode of rice. Our
goal isto fully understand the molecular mechanism for inactivation of GAs inrice.
Experimental methods: 160,17-dihydroxyGA4 was chemically synthesized, and its biological
activity was determined using the uppermost internode of rice. Endogenous levels of epoxy GAs
in the uppermost internode of WT and eui2 mutant rice plants were determined by LC-MS/MS
using deuterium labeled epoxy GAs as internal standards. We have aso started to look for
enzymes responsible for metabolizing 16a.,17-dihydroxyGA4to its glucose conjugate.
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Experimental results: We found that 16c.,17-epoxyGA4 was weakly, but significantly active in
promoting the elongation of uppermost internodes of rice in comparison with 160,17-
dihydroxyGA4. We a so found that 16,17-dihydroxyGAa4 could still very weakly interact with the
GA receptor GID1. Therefore, to fully understand the mechanism for inactivation of GAsinrice,
it isnecessary to identify the enzyme responsible for the metabolism of 16,17-dihydroxyGAa4. As
afirst step toward this goal, we started to look for UDP-sugar-dependent glycosyltransferases
(UGTs) that could be involved in the conversion of 16,17-dihydroxyGAs to 160,17-
dihyroxyGA4-17-O-B-D-glucopyranoside, a previously identified metabolitein rice.
Publications: Toshiaki Ishida, Yingying Zhang*, Hongbo Zhu, Shoko Fudano, Yu Peng, Yoshiya Seto,
Kiyashi Mashiguchi, Jiyun Liu, Zuhua He, Shubiao Zhang*, Shinjiro Yamaguchi* (2025): Stepwise
deactivation of gibberellins during rice internode elongation. Proc Natl Acad Sci USA,
112(23):€2415835122DOI : 10.1073/pnas.2415835122
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Identification of biosynthetic genes for a novel signaling molecule
that modulates plant development

David C. Nelson  University of California, Riverside

[Objectives]

Karrikins (KARs) are agroup of smoke-derived butanolide compounds that can stimulate
seed germination of many plants. A receptor, KARRIKIN INSENSITIVE2 (KAI2), is
required for the perception of KARs in plants. Interestingly, disruption of KAI2 does not
only diminish KAR responses, but also affects seed germination, seedling development
and drought resistance in the absence of KAR, suggesting that it also mediates the
response to ahormonal ligand endogenously produced in the plant, named as KAI2 ligand
(KL). Despite the functional importance of KL in plants, the chemica structure and
biosynthesis route of KL is still unclear.

Given that plant hormone biosynthesisis often regulated via negative or positive feedback
mechanisms, we hypothesized that disruption of genes involved in KL signaling or
treatment of plants with KAR might affect the expression of KL biosynthetic genes. By
comparing the transcriptome data between several mutant and wild-type plants in
Arabidopsis thaliana, as well as KAR-treated and untreated plants, we identified several
KL biosynthetic gene candidates, designated KL Biosynthetic gene CAndidates selected
by Transcriptome (KBCATS). This research aims to characterize these genes both
genetically and biochemically, and verify if they play arolein the biosynthesis of KL.
[Experimental Methods and Outcomes|

For the genetic analysis, we obtained and confirmed T-DNA insertion mutants for four
KBCAT genes and evaluated the phenotype. One of the mutants showed significant
decrease in the hypocotyl length, which suggested that the gene might act in an opposite
direction to KL signaling. We are currently examining the expression of KL-related
marker genes and the genetic interaction between this candidate gene and the KL
signaling pathway.

For the biochemical analysis, we are establishing a method to isolate bioactive KL from
plant materials and evaluate the activity viabioassays. Plant extracts were separated with
open-column chromatography and HPLC, and the fractions were applied to both wild-
type and kai2 mutants. We confirmed that a certain fraction can trigger KL responsesin
this system, which provided a basis for comparing KL activity in different mutants.
[Publication]

No publications from the collaboration in FY 2025.
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Analysis of novel transportersfor strigolactonesor their biosynthetic
intermediates

Yunde Zhao University of California San Diego

Objectives. Strigolactones (SLs) are carotenoid-derived plant hormones that regulate
various processes of plant growth and development. They are also secreted from plant
roots into the rhizosphere and function as allelochemicals for symbiosis with arbuscular
mycorrhizal fungi and for stimulating the seed germination of parasitic plants. Classical
grafting studies have suggested that SL and/or its biosynthetic intermediate(s) can move
from the root to the shoot; however, SL transport has not been fully elucidated. We have
previously identified candidate transporters of SLs or their biosynthetic intermediatesin
rice. The knockout mutants of the transporters increased the number of tillers, which is
phenotypically similar to the well-characterized SL biosynthetic and signaling mutants.
The physiological and biochemical roles of the identified transporters need to be
experimentally demonstrated.

Experimental methods:

Our_group « Phenotypic and genetic interaction studies of mutants whose ability to
transport SLs or SL biosynthetic intermediates has potentially been compromised.

* Generation of additional mutants using CRISPR/Cas9 gene-editing technol ogy.

|CR partner researchers (Dr. Kiyoshi Mashiguchi, Prof. Shinjiro Yamaguchi)

» Analysis of endogenouslevelsof SLsand SL biosynthetic intermediatesby LC-MS/MS
to identify substrate (s) of transporters.

* Elucidation of SLsand SL biosynthetic intermediates that can move from roots to shoots
* Evaluation of transporter-mediated export/import activity for the candidate
compound(s).

Experimental results: We further conducted genetic studies on putative SL transporters
this year. Previously, ICR partner researchers detected hydroxy-carlactonoic acid
derivatives (OH-CLAS) in the xylem sap of Arabidopsis and rice. This year, they found
that OH-CLAs were accumulated in the CLA METHY LTRANSFERA SE-defective
mutant, suggesting that OH-CLAs are converted into their methylated forms to exhibit
bioactivity. They also identified a candidate ABC transporter that transports OH-CLAS
from roots to shoots in Arabidopsis.

Publications: No publications from the collaboration in FY 2025.
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Cycloparaphenylene/Fullerenes
Supramolecular Complexes in Chiroptical Applications

Matthew Fuchter University of Oxford

This project is a continuation of our ongoing efforts to show — for the first time —
complexation of chiral open cage fullerenes (cOCFs) and [10]Cycloparaphenylene
([10]CPP) and to study the chiroptical properties of such complexes. Previously, we could
show that a chiral, open cage fullerene (cCOCF), derived from Ceo (provided by the group
of Prof. Y. Murata, Kyoto University) is a very good match for complexation with
[1O]CPP. This was shown by strong emission quenching in fluorescence titration
experiments. Other types of chiral fullerenes (e.g., bis-PCBM derivatives) and differently
sized CPP’s (e.g., [11] or [12]) did not give promising results.

We were also able to confirm that there is indeed a change in the chiroptical properties of
cOCF upon complexation, leading to a slight decrease in the circular dichroism (CD) at
most transitions. While the CD changes are rather small due to the low absorption in the
areas of interest, this still corresponds to a significant change in the optical dissymmetry
(g-factor). Our results therefore remain in good agreement with the computational data
generated by our collaborator, Prof. M. Zwijnenburg (University College London).

While initial fluorescence titration experiments showed a clear quenching upon
complexation, the quenching was not linear, as expected and as observed for the [10]CPP
— Ceo pair. Similarly, the Jobs plot titration, which is used to determine the ratio in the
complex indicated a 2:1 of [10]CPP to C60 instead of a more intuitive 1:1 as in [10]CPP
— Ce0. To resolve these discrepancies, one lab member recently visited the group of Prof.
Shigeru Yamago to draw from their wealthy experience with such titration experiments.
Indeed, repeated fluorescence titrations now reveal linear behavior with a Stern-Volmer
constant Ksv of 1.05x10° L/mol - similar to reported values for Cso and [10]CPP (4.34x10°
L/mol). We also repeated Job’s plot titrations via UV/Vis and could now confirm a 1:1
complex between cOCF and [10]CPP as indicated by a maximum of AA at 0.5
cOCF/(cOCF+[10]CPP).

With our greater experience in the titration experiments of these compounds, we are
performing final repeats of the CD and UV/Vis experiments to confirm the changes in
chiroptical response upon complexation. This data will be gathered immediately upon
arrival of our new CD spectrometer at Oxford, which will ensure high quality data for
final interpretation and publication of the results.
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Synthesis and Electrocatalysis of Hetero-M etal
Porphyrin(2.1.2.1) Arrays

Songlin Xue Jiangsu University

Objectives: Efficient organic synthesis of porphyrin oligomers, physical and chemical
properties, and electrocatalysis property are interesting and need to developing. This
project want to provides a novel strategy for hetero-/multi-metal porphyrin
electrocatalysis catalyst synthesis, while the multiple active sites provided by the multi-
metallic cavity enhance interactions among metal ions. The exploration of metal
porphyrin oligomers emerges as an intriguing path forward, as the potential for varied
out-comes arising from different metals holds immense promise for diverse applications.

Outcomes: In this joint project, Prof. Dr. Hiroko Yamada and us focus on exploring to
synthesis three kinds of porphyrin oligomers, and further investigated properties and
application of electrocatalysis of them, such as oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER).

1, Fe Porphyrin(2.1.2.1) Dimer (Inorg. Chem., 2025, 64, 22262—22268)

We have synthesized an Fe(lll) porphyrin(2.1.2.1) oxo-bridged dimer complex using
porphyrin(2.1.2.1) as a bent ligand. TD-DFT simulations reproduce the main features of
the UV —vis spectrum, revealing LM CT transitions. The OER study and DFT mechanistic
calculations demonstrate that the presence of the bridging oxygen atom enhances
electrocatalytic oxygen evolution activity, lowering the overpotential of the RDS.

2, Face-to-Face Porphyrin Nanoring (Org. Lett., 2025, 27, 10868—10873)

Two new porphyrin nanorings were synthesized and characterized. PR forms an
interesting face-to-face porphyrin nanoring structure. NMR and ACID analysesindicated
that both dimers exhibit local aromaticity rather than global 3D aromaticity. Steady state
fluorescence, TCSPR, and nanosecond TA studies revealed no significant n—n
interactions between the porphyrin unit. Oz generation studies under blue and red light
irradiation demonstrated that dimers act as highly efficient type Il photosensitizers.

3, Wave-Shaped Cu Porphyrin Arrays (Chem. Sci., 2025, 16, 22498-22503)
Wave-shaped porphyrin(2.1.2.1) arrays were succeed obtained. Due to their rich N4
cavity, dinuclear and trinuclear Cu(ll) porphyrin(2.1.2.1) arrays were obtained through
coordination reactions. As aresult of w-ligand surface and three catalytic Cu(ll) ions, the
trinuclear Cu(Il) porphyrin(2.1.2.1) array exhibits remarkable HER activity, with alower
overpotential, faster HER and charge transfer kinetics, and longer catalytic stability than
mono- and dinuclear Cu(l1) porphyrin(2.1.2.1) complexes.

Publications: 1. Inorg. Chem., 2025, 64, 22262-22268; 2. Org. Lett., 2025, 27,
10868-10873; 3. Chem. Sci., 2025, 16, 22498-22503.
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Vacuum-deposited Perovskite Optoelectronic Devices with Advanced Hole-selection
Materials

Hao-Wu Lin National Tsing Hua University

This research study summarizes the outcomes of the vacuum-deposited inverted perovskite solar
cells (PSCs). Utilizing thermal evaporation as the fabrication method in our group, we aim to improve
the performance of solvent-free perovskite optoelectronic devices by investigating the effect of post-
annealing humidity on perovskite films and device characteristics, thereby establishing a reproducible

and stabl e fabrication approach for inverted perovskite solar cells.
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saturated-humidity condition improves the %% >

device performance. PSCs employing 3PATAT-  £% i

C3 as the hole-transport layer exhibited higher £ §

efficiency when the perovskite absorber was £, e |

annedw at RH 99%’ Compared Wlth da/lces E%U 02 04 06 08 1.0 § %,D 02 04 06 08 1.0
annealed uZnder dry nitrogen or ambient air. This Voltage (V) Voltage (V)
improvement is accompanied by moderate (o) (d)

increasesin open-circuit voltage and fill factor, as :: W« " ;: e |
well as a noticeable reduction in hysteresis. ;u:s ‘;ois 1
Furthermore, the applicability of this annealing % =5 1

strategy was examined by incorporating Me- 2 [ emuesmasmn $ .2

4PACz asthe hole-sel ective contact. A significant ool : W i

increase in open-circuit voltage was observed, o ™ v ey T
leading to achampion efficiency exceeding21%  Figure 1. J-v characteristics of &) PSCs with 3PATAT-C3

(Figure 1b). These results suggest that the high-
humidity annealing process can be applied
across different interfacial configurations in
inverted PSCs.

In addition to efficiency, the operational
stability of devices fabricated using saturated-
humidity annealing was evaluated (Figure 1c

fabricated under different annealing humidity conditions. b)
Champion devices employing different hole-selective interfaces. c)
Stability of 3PATAT-C3-based PSCs annealed under different
humidity conditions measured in an N--filled glovebox. d) Stability
of an unencapsulated device incorporating Me-4PACz evaluated at
65 °C and RH 85%.

Table 1. Performance of 3PATAT-C3-based PSCs with various
annealing conditions.

. ; ” . . Voc Jsc FF PCE
and d). Under continuous illumination in an (V) (MA cm?) (%) (%)
inert atmosphere, devices annealed at RH 99% N2-R 062 237 5382 79
retained most of their initial efficiency, while Y% Ppedd PG
those processed under lower humidity showed  ry s506.F 098 239 604 141
accelerated degradation. The device employing ~ RH99%-R 100 256 758 195

RH 99%-F 100 255 754 193

Me-4PACz also maintained stable performance
under combined thermal and high-humidity
stress. These results indicate that the high-

Table 2. Performance of the champion cell fabricated with optimized
post-annealing process employing Me-4PACz asthe HTL.

humidity annealing strategy contributes to 2/0)0 {sc ) (FOF) F"C)E
; ; i v mA cm % %
improved operational stability. = — L0 259 e o1

Forward 109 258 747 211

These results highlight the complementary
expertise of both groups and establish astrategic

framework for further innovations in perovskite optoelectronic applications. This work was supported
by the International Collaborative Research Program of Institute for Chemica Research, Kyoto

University (2025-111).
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Elucidating molecular functions of plant hormones in light-responsive
morphological plasticity in Arabidopsis thaliana

Eiji NAMBARA University of Toronto

Experimental Project:

Plants cannot move from the place where they germinate. However, they can sense environmental
changes and adapt to surrounding environments by altering their morphology. One example is leaf
hyponastic movement, in which leaf angles become more vertical during the day to capture light
efficiently. Plant hormones play an important role in this process. We have demonstrated that calcium
signaling pathways are involved in hormone-mediated growth regulation during these environmental
responses. This project aims to establish an efficient and accurate phenotyping system for analyzing
diurnal leaf movements in Arabidopsis through collaboration with Dr. Tomohiko Tsuge (ICR, Kyoto
University), an expert in photobiology and plant development, and Dr. Miki Fujita (RIKEN Tsukuba),
who has developed high-throughput phenotyping platforms.

Objectives: Investigate the role of plant hormones and calcium signaling in leaf movement in response
to environmental factors, particularly light and the day-night cycle, in Arabidopsis thaliana

Experimental methods:

1. Verification of light sources for plant growth conditions across the three labs.

2. Establishment of a night vision system for observing plant movements in the dark at 940 nm.

3. Optimization of time-lapse camera observation.

4. Establishment of an automated system for measuring leaf angles from video recordings.

5. Compare leaf movements in response to diurnal changes in wild type and calcium signaling mutants.

Results and discussion:

A night vision system using Chatbot security
camera and PiOlan Matte Tape Kagemusha (for
reflection reduction) successfully captured
nighttime images of Arabidopsis plants. In
combination with an automated measurement
program modified from Oskam et al. (2024)
(https://doi.org/10.1093/plphys/kiac097), enabled
automated measurement of leaf angles from
time-lapse images at relatively high throughput.
We recorded leaf movements in Col wild type
and cngc2 and cnge4 mutants under diurnal
conditions and compared their responses (Fig. 1).
Wild-type plants exhibited typical diurnal leaf movement, characterized by two hyponastic
movements per day: one during the daytime and another at night. In contrast, cngc2 and cnge4 mutants
showed reduced amplitude of leaf movement and delayed initiation of daytime hyponasty, while
initiation of nighttime hyponasty remained unaffected. This phenotype may reflect defects in circadian
regulation or in light-dependent responses independent of the circadian clock. Further experiments
will be proposed to distinguish between these possibilities in the continuous year proposal.

Our findings indicate that CNGC2- and CNGC4-mediated control contributes to daytime
hyponasty initiation but not to nighttime movement. In Arabidopsis, growth in darkness is fundamental
to agriculture, yet its underlying mechanisms remain poorly understood. The observation that
nighttime hyponasty occurs independently of CNGC2/4 function may offer novel insights into the
regulatory components of plant growth and development.

00 E:00 1200 1800 24:00

Time of the day

Figure 1. Diurnal change in leal angle of Col-0 wild type.

Col plant at 2:00 (A), 12:00 (B) 18:00 (C.), and 22:00 (D).A

representative images are shown. (E). Changes in averages

and means of leafl angle in Col (n=9). Images were captured
every 15-min using a time laps camera.

Outcomes: Invited talks

(1). Nambara E. Phytochemical Society of North America 2025. Toronto, Canada. (June 25, 2025)

(2). Nambara E. Canadian Society of Plant Biologists. Halifax, Nova scotia, Canada (August 10, 2025)
(3). Hussain S, et.al. ICR Seminar. Kyoto, Japan (December 15, 2025)

-112—-



2025-113 ([FES)

I maging analysis of zinc transporter and lipid kinase-associated
pollen vesicle transport

Miki KAWACHI-REUSCHER Georg-August-Universitét Gottingen

Objectives

Plant sperm cells exist within a vegetative cell and are enclosed by the peri-germ cell
membrane. Although this membrane is enriched in PI(4,5)P:, which plays a key role in
membrane trafficking, its function during pollen devel opment remains unclear. Based on
previous experimental observations, we examined the possibility that pollen-derived
vesicles carrying small RNAs (sRNAs) are transported across the peri-germ cell
membrane via exocytosis for intercellular communication, using imaging analyses of
Arabidopsis mutants with defects in membrane integrity and trafficking.

Experimental Methods

To visualize exocytosis, SEC3A, EXO70A1, EXO70A2, and PRP3 were fused to a
fluorescent protein, and the resulting marker proteins were introduced into the wild type,
the pip5Sk4pip5kSpipsSke, and the iarl mutants. Pollen was treated with the exocytosis
inhibitor Endosidin 2. RNA distribution was examined using the RNAselective
fluorescent dye SY TOR®RNASelect™. Observations were performed using confocal
laser scanning microscopy and fluorescence microscopy.

Outcomes & Analysis

RNA staining suggested that RNA levels near sperm cells were lower iniarl pollen than
in wild-type pollen. Differencesin RNA fluorescence within sperm cells across the peri-
germ cell membrane between wild-type and iarl pollen were not clearly detected. Co-
localization analysis with exocytosis markers, which localize to the peri-germ cell
membrane and the pollen germination site, indicated that RNA concentration was
relatively higher at the germination site in wild-type pollen. A seminar entitled
“ldentification and Characterization of Pollen Vesicles Carrying Small RNAs— Toward
Understanding Epigenomic Regulatory Mechanisms in Reproductive Cells’ was aso
presented on Oct. 21, 2025 as part of this research project.

Publications

Sugi, N. et al. Nomenclatura revision of the membrane enclosing germ cellsin flowering
plants. Plant Morphology, submitted.
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Crossroads of proteostasisand RNA processing in Arabidopsis
photomor phogenesis

Vicente RUBIO National Center of Biotechnology

Experimental Project:

To ensure survival, plants must rely on efficient signalling pathways that allow them to adjust rapidly
to sudden changes and external cues. Such responses depend not only on the precise control of protein
abundance but also on the coordinated regulation of gene expression. This dynamic control of gene
expression is achieved, in part, by the regulatory function of posttranscriptional machineries such as
mRNA processing factors. In recent years, several E3 ubiquitin ligases have been shown to influence
mRNA processing in plants although this convergence between mRNA processing and proteostasis
machineries has been relatively understudied. However, given that posttranscriptional control of gene
expression underpins multiple stress responses and developmental transitions, understanding how
mRNA processing and proteostasis shape these processes provides a valuable perspective on plant
biology while also opening new possibilities for improving crop performance in increasingly variable
environments. To dissect the mechanism by which mRNA processing and proteostasis machineries
interlock to control plant development and stress tolerance, using Arabidopsis as model plant species,
a collaboration between Dr. Tomohiko Tsuge (ICR, Kyoto University), an expert in mRNA processing
and plant development, and Dr. Vicente Rubio (CNB-CSIC, Madrid, Spain) was established.

Objectives: To map the protein-protein interaction network between mRNA processing and
proteostasis machineries in Arabidopsis.

Experimental methods:

1. Tandem Affinity Purification (TAP)assays to isolate mRNA processing and proteostasis machineries.
2. Yeast two hybrid assays to test for direct protein-protein interactions.

3. Semi-in vivo pulldown and coimmunoprecipitation assays to confirm protein interactions in planta.
4. Bimolecular Fluorescence Complementation assays for subcellular localization of complexes.

Results and discussion:

In plants, CRL4 ubiquitin ligases regulate photomorphogenesis, DNA repair, drought tolerance, and
nutrient signaling. CRL4 comprises a CUL4 scaffold bound at its C-terminus to ROC1/RBX1 and at
its N-terminus to DDB1, which recruits substrate receptors. Interestingly, DDB1 and the mRNA
processing protein SAP130L share very significant similarities at the protein sequence and structural
levels. DDB1 associates with accessory proteins such as DDA1, a small protein with and intrinsically
disordered region at its C-terminal portion that facilitates substrate. In the context of this proposal, we
found by TAP assays that DDA1 associates with SAP130L, suggesting that SAP130L might be
incorporated into CRL4 complexes together with DDA, e.g. by replacing DDBI, or that DDA1 is
part of specific SAP130L-containing complexes yet to be characterized. A map of the protein-protein
interaction network connecting DDA1 and SAP130L complexes has been the focus of this project.
Functional characterization of their role in plant molecular and cellular processes is of great interest
to better understand plant plasticity and adaptation to ever fluctuating environmental conditions.

Outcomes: Invited talks:
(1). Rubio V. Invited seminar at La Sapienza University. Rome, Italy. (March 21%, 2025)

(2). Rodrigues-da Silva ef al., Annual Meeting “EpiSeedLink” MSCA-DN Action. Galway
University, Ireland (June 3™-7%, 2025)
(3). Rubio V. Invited talk at Santiago de Compostela University. Spain. (October 21%24th, 2025)
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Development of Covalent Small M olecules That Potentiates Antitumor
I mmunity

Misao Takemoto FukushimaMedica School

Compounds that enhance T-cell immune functions represent promising therapeutic options
for cancer immunotherapy. To identify such compounds, the applicant developed a unique
cell-based assay that mimics T cells in the tumor microenvironment while working in the
Uesugi laboratory. Using this assay, our collaborative research team identified arvenin I, a
plant-derived natural product, as a potent immunomodulatory compound. Mechanistic
studies revealed that arvenin | covalently binds to MKK3, enhances its kinase activity, and
promotes mitochondrial function essential for T-cell activation viathe p38 MAPK signaling
pathway. In vivo studies further demonstrated that administration of arvenin I, either alone
or in combination with immune checkpoint inhibitors, significantly enhanced antitumor
immune responses in mice.

During immune checkpoint inhibitor therapy, tumor-reactive CD8" T cells are primed in
draining lymph nodes (DLNs), and their circulation between DLNs and tumor sites (called
the cancer—mmunity cycle) iscritical for therapeutic efficacy. In FY 2025, our collaborative
effort with the Chamoto and Uesugi Groups at Kyoto University demonstrated that
combined treatment with arvenin | and a PD-L 1 antibody markedly enhanced mitochondrial
respiration and proliferation (Ki67 expression) of CD8* T cells in DLNs, accompanied by
increased TNF-a production downstream of MKK3 signaling. Consistent immunol ogical
improvements were also observed in tumor tissues, including a reduction in terminally
exhausted CD8" T cells (PD-1" Tim3*) and an increase in less exhausted populations (PD-1*
Tim3"). These findings indicate that arvenin | synergizes with PD-L1 blockade to enhance
CD8' T-cell activation while aleviating intratumoral T-cell exhaustion.

These collaborative results were summarized and published in Journal of the American
Chemical Society (2025). In parallel, the derivative optimization of arvenins conducted in
the Uesugi laboratory led to the successful synthesis of seven derivatives. Biological
evaluations of these compounds were jointly performed by the applicant and graduate
students in the Uesugi laboratory, laying a strong foundation for future therapeutic
devel opment.
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Machine-L ear ning Prediction of Self-Assembly Compounds
Daniel Packwood Kyoto University

Self-assembly isthe formation of complex structuresfrom simple molecular building
blocks. The Uesugi of ICR developed a self-assembled vaccine enhancer, a'so known as an
adjuvant, that boosts immune responses. The molecular building block of this assembly,
cholicamide, consists of two sterols connected by an amide linkage with an alkane spacer,
and its assemblies exert the adjuvant activities through endosomal Toll-like receptor 7
(TLRY).

In FY 2025, we employed computational approaches that provide molecular-level
insights beyond the reach of current experimental methods. Specifically, we performed all-
atom (AA) molecular dynamics (MD) simulations of a single cholicamide molecule and
three of its derivatives (1 active, 2 inactive). These simulations show that all compounds
interconvert between folded and extended conformations. However, we did not observe a
correlation between these conformations and bioactivity. This suggeststhat bioactivity arises
from the assembly level.

All-atomistic simulations, while accurate, are limited to small systems. As a result,
the self-assembly processes were modeled using a coarse-grained (CG) approach. In this
approach, several atoms are grouped into particles, speeding up the process by 2-3 orders of
magnitude and enabling the study of self-assembly. We have carefully parametrized the
molecule to reproduce the intramolecular and intermolecular interactions. We performed a
self-assembly simulation of a20 x 20 x 20 nm3 box containing 150 cholicomide molecules
(~0.30 mM). Molecules self-assemble into small, compact, amorphous nanoparticles.
Analysis shows that hydroxyl and amide groups are evenly spread on the surface of the
nanoassembly.

We are currently converting the coarse-grained representation of the nanoassembly
into an all-atomistic representation to characterize surface features at the atomic level, which
may explain why this nanoparticle triggers an immune response. In parallel, we plan to
perform coarse-grained molecular dynamics simulations of the active and inactive
derivatives to determine whether differences in assembly structure correlate with
immunological activity. Moreover, because the nanoparticle must cross the cellular
membrane to reach endosomal TLR7, wewill model itsinteraction with lipid bilayers. Lastly,
we aim to simulate the TLR7 receptor in complex with cholicamide to assess whether direct
binding isfeasible.
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Analysis and application of the physiological functions of extracellular
vesicles secreted by intestinal bacteria

Shino Yamasaki Kansai University

I ntroduction:

Intestinal bacteria contribute to host physiological homeostasis through the production of
diverse metabolites. In addition to these metabolites, extracellular vesicles (EVS) released by
intestinal bacteria have been recognized as mediators of host—microbe interactions; however, it
remains unclear which bacteriaproduce EV'sin the gut, how their production isregulated, and how
these vesicles influence host responses. In this study, we investigated the bacterial origins of gut-
derived EVs, evaluated their effects on host cells, and analyzed the mechanisms underlying EV

formation.

Results:
1. Characterization of EVs produced by intestinal bacteria

To identify the bacterial origins of gut-derived EV's, EVs were isolated from mouse feces and
cecal contents by differential and density gradient ultracentrifugation, and typical vesicular
morphology was confirmed by electron microscopy. DNA enclosed within the vesicles was
extracted and subjected to 16S rRNA gene sequencing to estimate their bacterial origins.
Comparison with the corresponding gut microbiota revealed that EV-producing patterns differ
among bacterial taxa and vary depending on intestinal location.
2. Bacterial EV's as possible mediators of intestinal inflammatory resolution

In the intestinal mucosa, immune cells coordinate inflammatory induction and resolution to
maintain immune homeostasis. Apoptosis of antigen-activated T cells is one of severa key
mechanisms in inflammatory resolution. Using leukemia-derived Jurkat T cells as an in vitro
model, we found that EV's from Bifidobacterium dentium and Limosilactobacillus fermentum
each induce apoptotic cell death. These findings indicate that bacterial EV's can modulate T-cell
survival in vitro and may be relevant to intestinal inflammatory resolution.
3. Mechanistic analysis of EV formation by Shewanella vesiculosa HM13

S. vesiculosa HM13, isolated from fish intestines, produces abundant EVs. We found that
disruption of /etB, involved in outer membrane lipid homeostasis, increased SDS sensitivity and
EV production and led to the generation of unusually large EVs. Lipid analyses showed that
parental EVswere enriched in saturated phospholipids, whereas EV sfrom the /etB-disrupted strain
contained more unsaturated fatty acyl chains. These results suggest that LetB-mediated lipid
homeostasis regulates EV morphology by controlling lipid composition at EV-forming sites.
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Analysis of membrane lipid-dependent fer mentation stressresponse
in acetic acid bacteria

Yosuke Toyotake Ritsumeikan University

[Introduction] Acetic acid bacteria uniquely utilize phosphatidylcholine (PC) as a major membrane
component, similar to eukaryotes. However, its physiological role remains unclear. We previously
constructed an Acetobacter pasteurianus mutant, ApmtA+pcs, that produces PC in a
choline-dependent manner. This strain exhibits differential PC requirements in response to strong
and weak acid stress, requiring higher PC levels under strong acid stress and lower levels under
weak acid stress. These observations provide new insights into the mechanisms of acid-stress
response in A. pasteurianus.

[Results and Discussion] To evaluate acid stress response, we performed spot assays. Cells were
grown in YPG medium for 24 h, harvested, adjusted to ODeoo = 1, serially diluted (10-fold), and 3
pL of each dilution was spotted onto Y PG agar plates adjusted to pH 3.5 with either acetic acid or
HCI. Choline chloride was added at increasing concentrations, and plates were incubated at 30 °C
until colonies were formed (Fig. 1). Under acetic acid stress, growth of the ApmtA+pcs strain was
alleviated by >40 puM choline and fully restored at 200 uM (Fig. 1A). Under HCI stress, growth
inhibition was more severe; >400 uM and 1,000 uM choline were required for partial and complete
restoration, respectively (Fig. 1B). These results indicate that higher PC levels are required for
response to inorganic acid stress than to organic acid stress. Previous phospholipid composition
analysis (Collaborative Research Program of ICR, Kyoto University, 2024-113) showed that 200
MM choline did not restore PC to parental levels in the ApmtA+pcs strain. Nevertheless, this
concentration fully restored growth under acetic acid stress. Thus, tolerance to acetic acid does not
strictly correlate with membrane PC abundance. PC may instead functionally contribute, for
example, by supporting the acetic acid efflux systems or by stabilizing membrane-associated
transport proteins.

A B
| Acidic conditions with acetic acid | | Acidic conditions with HCI |
Cho Cho
Parent ApmtA ApmtA+pecs [uM] Parent ApmitA ApmtA+pecs [pM]
pH 6 ® @ & o ‘ 0 ® ® @ o ‘0
o o » & ISR Rle e =
(0 o « ] = 40 o FTitle ® & "IN
(0 0 » < 60 @ Jo e - [N
@0 = :J]° = Je o - EN " Je & © =L
Mle © 2 -]° @ Je o 5 JIW 2] @ Je o & i
Fle e = | @ e o & -REV elc  Jo o ¢ s
@ @ ¢ <J°  Je o o -}EN 2lc o o o :fil
@ ¢ & Jo @ Je e o -REU el Je e @ =[id
(@@ o =Jo e e o ©REN 8lo o o o g
(0 o 8 =]  Je o o [ #lc - Jo o o :jliN

10-fold dilution cell series (10°' to 10%)

Fig. 1 The effect of different PC levels on growth under acidic conditions. Serial dilutions of parental,
ApmtA (PC-deficient mutant), and ApmtA+pcs strains were spot-incubated on acidified YPG agar plates
adjusted to pH 3.5 with acetic acid (A) or HCI (B) and supplemented with choline (Cho).
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1) Dong, Z., et al., Nature Communications, (2021)12:247.
2) &4t v, Wizard Series, https://www.yushiro.co.jp/products/wizard (2026.2.10 S &)
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On demand design of peptidestargeting RNA structures
Tamaki Endoh  Konan University

Research fields of drug discovery have been developed by targeting proteins. However,
concerns about the depletion of proteins that could serve as drug targets have been raised. In this
context, RNASs are gaining attention as the targets to bring a new breakthrough in the drug
discovery. Inthisstudy, peptide was selected asamodality for the RNA-targeting drug discovery,
and large-scale screening system of interaction pairs between given peptide and RNAs forming
various structures was constructed.

The screening system was constructed based on RNA-capturing microsphere particles (R-
CAMPs), which immobilize RNA and DNA clones derived from initial library of interest (T.
Endoh et a., 15, 1805062 (2019)). Recently, we have demonstrated screening of RNA targets,
which interacted with METTL3/METTL 14 heterodimer, an RNA methyltransferase (T. Endoh,
M. Imanishi et a., ChemBioChem, 26, €202500006 (2025)). Here, we have expanded the
screening system by using 8-repeats of glycine-arginine dipeptide (GRs) as a model peptide.
Glycine-arginine repeats is a possible tranglated product from GGGGCC repeats on C9orf72
MRNA, in which expression isinvolved in neurodegenerative disorders. We have constructed R-
CAMPsfrom alibrary derived from total RNA of human cells. The R-CAMPs were mixed with
fluorophore labeled GRs and RNAs interacted with the peptide were isolated based on the
fluorescence signals on the particle using fluorescence activated cell sorter. After the sequencing,
we found RNASs that interacted with the fluorophore-labeled GRs. One of the selected RNAs
(Figure 1A) exhibited the association constant of 1.34 x 10’ M~ with fluorophore-labeled GRs
(Figure 1B). Based on the

A B
screening system, it would be GAA &
"~ §, feveranel, E
possible to construct a large- 6% . £E
cG =a 25
. G (2=
scale database for RNA-peptide ol iy
N AL ASFC 2E
interactions. The  database g cUg £8 15
Cél E—
id d d desi géUCUUAGCGGUGGAA s 1 - ; -
provides oOn eman esign ﬁAUAGAAUCGACGcAAd\ = 01 1 10 100 1000

RNA concentration (nM)

strategy of peptides that interact

: : Figure 1. (A) Sequence and predicted secondary structure of
with functional RNAS as anew o /RN’ (B) Interaction between TMR-labeled GRs and RNA

therapeutic modality. region highlighted with squarein (A).

* Publication

T. Endoh, Y. Ling, S. Okuda, M. Imanishi, Identification of Endogenous Sequences Interacting
with METTL3/METTL 14 RNA Methyltransferase, ChemBioChem, 26, €202500006
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FehED, XN ELHE R EOMIEMNEEICL S FIHAI A Tw S, FFEREE I
TICLHD CPPs ZFFE L. % OMIIINEATHEM, Frics2ue /34 F—v X2 E&TIY
INBAEEE DFRNT % D T & 72[1], TLFETIE. CPPs DMIIEMNEADRBRIC, #7272 T ekl
AEubdl LT Ho Mila~n T2 RBEICEAT 2D, A v oy P T va—%
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BN 1gG iR & FEEOHIIEREO A VA ~ERICGEATE S 2 L BN L
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LT, IEREEDBHELE L 724 v 7Pz v b 2T LICIEH L, MIINBITER, Xz
B, RTE. RON, BT EEE o JH % 17 o 72,

AFEDOHKED —E LT, 4 v 7Y 2y P AT L& CPPs ZilAG D 7-HIIEPIE A
BAtric B3 2095 2, BIE, JIIOBE L LFEcfah ©H 5, KX Tld, 7T ¥ = iRk
B BUKYED 7 5 CPPs % VW CHIIEEL » JA AR, EE@EYE, O, i % 57
flilize AV 27 Y xy by AT 2ICE MR (12 30 pL F2ED) . HHGEHE (vx v
FT). MEZEEICHIE L, CPPs OMIIINEAMFEZRALL 72, 72, 7 b — XFHE
RTF PR T 2 2 & THBAISH~DRBEES /R L 7z ARBECRIZ. B+ % 22 704
fi~F v 7=y FCEAT 272005 BE e L CHEELRAMAZIET 2 0TH 5,

PLEX Y, AEFEIEIE. 4 v 22 =y bk 2 ZZMEIEEERI & CPPs i< X 2 X
BATHlE % a3 5 2 & 1T L ~0L T 415 AIAE S0 R0 A~ F J T RE 7o AT
B OREEICEHENT 2 D D TH 5, Sthid. AREM & BEMEE TS MIERE R & ~D)E
MICEBT 2 2 L aslifian 3,

<HE >

[1] Futaki, S., Nakase, 1. Acc. Chem. Res. 50, 2449-2456 (2017)
[2] Omura, M. et al. ACS Appl. Mater. Interfaces, 15, 47855-47865 (2023)
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Identification of novel strigolactone biosynthetic inhibitors.

YoshiyaSeto Maeiji University

[ The aim of this study] Strigolactones (SLs) are plant hormones that regulate shoot branching, as well as
being known to be rhizosphere signals that control symbiotic and parasitic relationship with Arbuscular
mycorrhizal fungi and root parasitic plants, respectively. SLs are biosynthesized from carotenoids via a key
intermediate molecule called carlactone (CL). In a model plant, Arabidopsis, CL is further converted into
carlactonoic acid (CLA) by a cytochrome P450 monooxygenase, MORE AXILLARY GROWTH1
(CYP711A). We previoudly identified methyl esterified derivative of CLA, methylcarlactonoate (MeCLA) in
Arabidopsis, and found that MeCLA can interact with the Arabidopsis SL receptor protein, AtD14. On the
other hand, CL and CLA could not interact with AtD14, suggesting that the methyl esterification step iscritical
to convert a biologically inactive precursor to a bioactive hormone molecule. We have previously identified a
CLA methyltransferase (CLAMT) in Arabidopsis, and found that the Arabidopsis clamt knockout mutant
shows an increased shoot branching phenotype. Therefore, the CLAMT pathway isimportant in producing the
shoot branching inhibitor in Arabidopsis. We al so found that tomato clamt knockout mutant showsan increased
shoot branching phenotype. Interestingly, the tomato clamt mutant was found to produce some SLs such as
orobanchol in root. It has been reported that CY P722C has a critical role in the orobanchol biosynthesis in
tomato. Therefore, in tomato there are two branched pathways for SL biosynthesis, and the CLAMT pathway
isimportant for the shoot branching inhibition whereas the CY P722C pathway is hecessary to produce SLs as
rhizosphere signals (Fig. 1). If we can
selectively inhibit inhibit the CLAMT

@ =cLAMT inhibitor
J_ (target molecule of this study)

pathway, it is expected that shoot CLAMT v °~u° 1' , -
b hi be increased without 3. — |[ 6..,_.0_’ 2 inhibitor
ranching can be i Wi it WY o A
impairing SL  function in the S ST

carlactone carlactonoic acid C N
rhizosphere. Against this background, S b o
the present study aimed to identify the orobanchol '

Fig. 1. The SL biosynthetic pathway in tomato
CLAMT inhibitors (Fig.1).

[Results] We have performed a screening of chemicals that can interact with SSCLAMT by using thermal
shift assay. We successfully identified three chemicalsthat can increase the melting temperature of SICLAMT.
We also clarified that these three chemicals inhibit CLAMT activity in vitro. To investigate the function of
these three compounds in vivo, it is necessary to prepare these compounds in relatively large quantities. Thus,
we attempted the chemical synthesis of these three compounds and succeeded in synthesizing them. We further
found that the application of one of these three compounds to tomatoes resulted in a phenotype similar to that

of the clamt knockout mutant, suggesting that this compound inhibits CLAMT in vivo.

—126—



2025-127

RV VT AR I K D AR BIEIBAE ORFT
S PN NP

BEY : XL U v (GA) X, Mo E, MERE, {ERERET 2MHFELEL ThHD, HiEH L,
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PS & PMMA (ZiX, 2 7 W&5IAR ) 707 27 U L— b (HBPBA), KiuGlZHEEHD PS & 5\
IEPMMA Z 70y 7 EEA L HBPREIZ 7 L F Lz, Zh ORI TR~ MY v 7 A
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[1] Lu, Y.; Nemoto, T.; Tosaka, M.; Yamago, S. Nature Commun. 8, Article 1863 (2017).
[2] Tosaka, M.; Takeuchi, H.; Kibune, M.; Tong, T.; Zhu, N.; Yamago, S. Angew. Chem. Int. Ed. 62
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42(1), 509-516 (2026)
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Regulatory mechanisms of vegetative reproduction in response to
environmental cues

Shiori S Aki  Yamato University

Background: The generation of clonal progeny from somatic cells is referred to as
vegetative reproduction. Vegetative reproduction is widespread across plant lineages
and plays a crucial role in global agriculture. In recent decades, climate warming has been
widely recognized as a critical constraint on agricultural productivity, with vegetatively
propagated plants likewise being affected. However, the mechanisms underlying the
formation of vegetative reproductive organs and their responses to environmental cues
remain largely unexplored due to the lack of genetic tools in many vegetatively
propagated plant species. We have previously focused on 'gemma cup' of the liverwort
Marchantia polymorpha as a model vegetative reproductive organ and have elucidated
key aspects of its molecular basis mediated by phytohormones. The present work aims to
clarify the regulatory mechanisms governing how environmental cues regulate vegetative
reproductive organ formation, with particular emphasis on phytohormone crosstalk under

elevated temperature conditions and the molecular framework underlying this crosstalk.

Results: Previously, we demonstrated that gemma cup formation is suppressed under
elevated temperature conditions. In this study, we quantitatively validated this
phenomenon and further investigated its molecular basis. Our analyses revealed that the
number of gemma cup is reduced in a temperature-dependent manner under elevated
temperature conditions. Moreover, in transgenic plants exhibiting elevated levels of a
specific phytohormone, the suppression of gemma cup formation under elevated
temperature conditions was fully rescued. These results suggest that this phytohormone
is involved in the temperature-dependent regulation of gemma cup formation.

Gene expression analyses were subsequently conducted focusing on genes
associated with the relevant phytohormone biosynthesis and signaling. Under elevated
temperature conditions, the expression levels of several genes were significantly altered.
These findings support a link between temperature-dependent modulation of
phytohormone signaling and the suppression of gemma cup formation.

In addition, in silico analyses suggested that another phytohormone signaling
pathway may negatively regulate the signaling of the relevant phytohormone.
Collectively, these findings indicate that multiple hormonal signaling pathways interact

under elevated temperature conditions to appropriately regulate gemma cup formation.
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Biochemical characterization of aldehyde dehydrogenases involved in
the biosynthesis of plant volatile benzenoids

Takao Koeduka Yamaguchi University

[Research aims] Aromatic compounds, particularly volatile benzenoids, derived from natural
resources, including rare plants, serve as functional components with health-promoting properties and
as signaling molecules mediating ecological interactions. Accordingly, elucidating the biosynthetic
and regulatory mechanisms has attracted considerable interest in plant biochemistry. In this study, we
used petunia flowers as a model system for floral scent formation to investigate the molecular
mechanisms underlying the production and regulation of diverse aromatic compounds, focusing on
aldehyde dehydrogenases that convert benzaldehyde, a key intermediate in volatile benzenoid

biosynthesis, into benzoic acid.

[Method and results] To identify candidate genes, we performed tBLASTx searches using aldehyde
dehydrogenase (HcBD and AmBALDH) from Hypericum calycinum and Antirrhinum majus as
queries against a petunia transcriptome dataset. Four candidate genes (PABALDH-1 to -4) showing
more than 60% amino acid identity were identified. Among them, PABALDH-1 and PhBALDH-2 were
co-expressed with known volatile benzenoid biosynthetic genes and were highly expressed in post-
anthesis flowers. Recombinant PhABALDH-1 and PhBALDH-2 were expressed in E. coli, purified and
biochemically characterized. Both enzymes catalyzed the oxidation of benzaldehyde with NAD", with
apparent K, values of 92.7+6.0 (PhBALDH-1) and 51.0+12.7 uM (PhBALDH-2). While PhBALDH-
2 showed strict specificity for NAD', PhABALDH-1 was able to utilize both NAD" and NADP".
Sequence comparison, site-directed mutagenesis, and homology modeling revealed that Alal95 in
PhBALDH-1 plays a critical role in determining cofactor specificity by providing sufficient space to
accommodate NAD" and NADP", whereas substitution with Glu restricts NADP" binding.

[ Summary ] These results suggest that, following gene duplication in the petunia genome,
PhBALDH-1 evolved to utilize both NAD" and NADP" through a single amino acid substitution, in
contrast to the more restricted specificity of PABALDH-2. Given the distinct physiological roles and
intracellular ratios of NAD(H) and NADP(H) in plants, this flexibility may enable petunia flowers to
maintain a stable and efficient supply of precursors for volatile benzenoid production under varying
metabolic conditions. Overall, this study advances our understanding of key enzymes involved in
volatile benzenoid biosynthesis and provides new insights into its regulatory mechanisms in Petunia
hybrida.

[Publication] The results of this study have been published as an original article:
Biochemical characterization of benzaldehyde dehydrogenases from petunia. Koeduka T, Ito K,
Yamamoto S, Ozaki S, Tsuge T, Kitajima S. Plant Mol Biol, 115, 70-80. (2025)

—-131—-



2025-132 ([E )

The 18th International Wor kshop for East Asian Young Rheologists
Tadashi Inoue University of Osaka

Pur pose of project

The ICR budget was used to support the organization of the 18th International Workshop for East Asian
Young Rheologists (IWEAYR-18), held in Kobe, Japan. IWEAYR is a long-running international
workshop designed to promote scientific exchange and personal networking among young researchers,
especially graduate students, in rheology and related fields of polymer science, soft matter, and materials
science across East Asia. The present project was adopted as Project code 2025-132 under the
Promotion of Collaborative and Multidisciplinary Research category. The adopted budget was 700,000
JPY, with 70,000 JPY for meeting expenses and 630,000 JPY for travel expenses. In the original
proposal, support for student travel was a centra objective, and the ICR support was intended to
facilitate participation by young researchers and enhance the educational and scientific impact of the
workshop.

Place and schedule of wor kshop

IWEAY R-18 was held at Kobe University, Convention Hall, Kobe, Japan, from July 25 to 27, 2025. The
workshop was chaired by Prof. Hiroshi Suzuki (Kobe University), and the organizing committee
included faculty members from Kobe University, the University of Osaka, Kyoto University, and
Nagoya University. The program included registration and poster preparation, long-oral sessions, short-
oral sessions, poster presentations, group presentations, a banquet, and associated faculty and student
activities. The meeting was organized in connection with the broader 2025 rheology community
gathering in Japan, which further strengthened its visibility and regional impact.

Purpose and background of the workshop

IWEAYR has been organized annually since 2006, except during the interruption caused by the
COVID-19 pandemic, in a rotating order among Korea, Japan, China, and Thailand. Since its inception,
the workshop has served as a place where faculty members and graduate students can engage in close
discussion, scientific exchange, and international collaboration in an informa and highly interactive
atmosphere. Many former student participants later became faculty members and continued to contribute
to the IWEAYR network in their home countries. In this sense, IWEAYR is not merely a one-time
meeting, but a long-term framework for cultivating international academic relationships and future
collaborative research in rheology.
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Participants

The workshop attracted approximately 140 participants in total, including 43 faculty members and 95
students based on the accommodation arrangements, together with organizers and related staff.
Participants came primarily from Japan, Korea, China, and Thailand, reflecting the established
international framework of IWEAY R. The actual turnout appears to have exceeded the scale anticipated
at the proposal stage. The scientific program itself also confirms active participation from these four
countries through the affiliations of speakers, session chairs, and organizers.

Overview of IWEAYR-18

According to the final program, the scientific program consisted of 12 long oral presentations, 36 short
oral presentations, and 51 poster presentations, including one cancelled poster listed in the program.
These numbers indicate a highly active meeting with substantial contributions, especially from students
and young researchers. The topics covered awide range of current interests in rheology and related soft-
matter science, including polymer dynamics, battery slurries, gels, nanocomposites, extensional flow,
machine-learning-assisted rheological analysis, and processing-related phenomena. The workshop
therefore functioned both as an educational forum for young researchers and as a scientifically relevant
venue covering fundamental and applied aspects of contemporary rheology.

Summary

IWEAY R-18 successfully achieved its original purpose. The workshop provided an active and friendly
environment in which students and faculty members from Japan, Korea, China, and Thailand could
present their research, exchange ideas, and strengthen personal and academic connections. The large
number of student contributions demonstrates that the workshop effectively served its primary mission
of supporting young rheologists in East Asia. At the same time, the continued participation of senior
faculty members and long-term collaborators confirmed the stability and maturity of the IWEAYR
network. The ICR budget was effectively used to support travel and local organization, thereby
promoting broad participation and helping maintain the long-standing international framework of the
workshop. In conclusion, IWEAY R-18 made a meaningful contribution to the development of scientific
exchange, friendship, and future international collaboration in rheology and related soft-matter research
in East Asia.
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High pressure synthesis of new Rh based quantum materials

Sean Injac  University of Edinburgh

Objectives: This project sought to synthesise and characterise anumber of new Rh based quantum materials.
Initially two compounds HozRh;O7; and PbRhO3 were targeted for synthesis using high pressure, high
temperature (HPHT) techniques. These materials were expected to show highly correlated electron
behaviour giving rise to quantum properties due to the geometrically frustrated nature of the two crysta
structures and the itinerant nature of Rh* 44 electrons.

Experimental Methods: Synthesis of these targeted compounds was undertaken using the Infinite large
volume press available at the Advanced Solid State Laboratory in collaboration with Professor Yuichi
Shimakawa. Synthesiswas undertaken at between 6 and 8 GPa at a number of temperatures between 1000 °C
and 1400 °C. Phase formation and sample purity was confirmed via X-ray diffraction measurements using a
D8 powder diffractometer using Cu Ka radiation. Temperature and field dependent magnetisation
measurements were undertaken using a Quantum Design MPM S3 SQUID.

Experimental Results: Over the course of the , [—— Yb2Rh207 |

approximately six-week research project the ™7 ' e i
synthesis of 10 compounds of the form Ln,Rh,O7 Ho2Rh207 |
(Ln = Pr ~ Yb) was attempted. Synthesis was D
undertaken by treating precursor mixtures of gj::::g; H
Ln20s (or similar), Rh,O3 and KCIO4 powders at Sm2Rh707 H
elevated pressures and temperatures for up to 1 il
hour. Synthesis attempts were initially undertaken

on HoRhO7 in order to determine the ideal

combination of pressure, temperature, heating — ‘| IR (|
time, and oxygen stoichiometry. Of the 10 | R

compositions attempted six compounds were 50 e . - Y P
recovered to high purity as new pyrochlore 26 (°)

materials (Ln = Tb, Dy, Ho, Er, Tm, Yb). X-ray diffraction patterns of all attempted compounds is shown.
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Discussion: All pure pyrochlore samples crystallised in the Fd-3m pyrochlore structure, trace amounts of
LnyO3 oxides were present for several samples, for Ln = Th, Dy trace LnRhOs perovskite, which contains
diamagnetic Rh®" was present. Initial magnetic analysis consisting of zero-field cooled (ZFC) and field
cooled (FC) temperature dependent magnetisation measurements between 2 K and 300 K and field
dependent magnetisation measurements were collected. For TmpRh,O; a feature suggesting
antiferromagnetic (AFM) order below approximately 40 K was observed in temperature dependent
magnetisation. Field dependent magnetisation at 2 K is aso consistent with AFM order. No other sample
showed clear evidence of magnetic order above 2 K. For Ln = Dy, Ho, enhanced field dependent
magnetisation was observed at 2 K, suggesting nearness to ferromagnetic order or a spin-ice state below 2
K. The remaining samplesfor Ln = Th, Yb and Er show deviation from Curie-Weiss type paramagnetism at
low temperature and negative Weiss constants suggest nearness to AFM order below 2 K, field dependent
measurements for EraRh,Oy7 further suggest metamagnetic behaviour.

Outcomes: In order to better understand the formation of these pyrochlores at HPHT conditions in-situ X-
ray diffraction datawere collected at the D06 LV P beamline of the European Synchrotron Radiation Facility
(ESRF) for = Nd, Gd, and Er. These experiments replicated the synthesis pressure and temperature
conditions. Analysis of these data is underway. A proposal for neutron powder diffraction (NPD)
measurements using the WISH instrument of the 1SIS spallation source, UK has been submitted to
investigate the magnetic properties of these compounds. The results of this proposal are pending as of writing.
The synthesis of these compounds will produce at least one publication in a reputable journal. Should NPD
measurements indicate quantum behaviours further impactful publications are expected
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Atomic Structure I nvestigation by Advanced Transmission Electron
Microscopy of AIXCrFeNiCu Alloys

Natthaphol CHOMSAENG Burapha University

Objectives

We have investigated and characterized AIXCrFeNiCu aloys in collaboration with
Associate Prof. Dr. Mitsutaka HARUTA, Division of Electron Microscopy and Crystal
Chemistry. For advanced ARM-TEM was used to study phase of AIxCrFeNiCu aloys,
and TEM-EDSwas used to confirm their chemical composition. Thiswork was supported
by the Collaborative Research Program of Institute for Chemical Research, Kyoto
University (Grant No. 2025-134).

Experiment Results
TEM analysis shows that ordered phase distribution changes systematicaly with

aluminum content . In Alo.s aloy, the L1. ordered matrix contains cuboidal B2
precipitates with size close to 1 pm shown as Figure 1. FFT analysis confirms L1.
ordering in the Cu-Al-Ni rich matrix regions through ¥2{ 110} superlattice reflections
characteristic of CusAu-type structure. SAED from the Fe-Cr rich cuboidal precipitates
along [001] zone axis shows {010} superlattice reflections, indicating B2 (CsCl-type)
ordering rather than disordered BCC. The presence of Al in the precipitates, evident from
EDS mapping, enables Fe-Al pair ordering.
Dark-field imaging using superlattice
reflections reveal s precipitate morphology and
distribution in the ordered L 1. matrix.

Figure 1. STEM-EDS elemental maps for BCC [001]
Aly.sCrFeNiCu: (a) Annular dark field image,

(b-f) Elemental mapping for Al, Ni, Cr; Fe Figure 2. SAED pattern of Aly.;CrFeNiCu

and, Cu, respectively (a) from precipitates along [001] zone

axis with {010} superlattice reflections.
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Tackling Plasmon Dispersions in Quantum Matters by Momentum-
Resolved Electron-Energy Loss Spectroscopy

Ming-Wen Chu  National Taiwan University

This project focuses on experimentally exploring the plasmon-dispersion behaviorsin
2D materials. Unlike the 3D plasmon isunder o? dispersion, the 2D plasmon disperses by
\/E . Here below are the 2D plasmon-dispersion functions of gapless and gapped electrons,
where nzp is the 2D charge density, eisthe electron charge, m” isthe effective mass, ¢,
is the non-local screen dielectric constant, and w, is the correction term of plasmon
crossover the light line in the gapped case. The difference between these two functions
sketch the plasmon behavior near the light line under different conditions: gapless and

gapped.

2nn,pe?
Gapless: w2zl = |[—22—
ap 3 e

2mn,pe?
Gapped: wi? = w, + —m*il; Ja

Dueto their novel physical properties, 2D materials have been ahotly debated research
topic in recent years. Advances in sample fabrication techniques have enabled the design
of more precise and complex systems. In this highly competitive field, we believe there
isstill room for experimental clarification of the physical properties of 2D materials. We
stacked ML MoS; and ML WSez into a heterostructure to observe how the plasmon
behavior of the stacked heterostructure changes, further understanding the alterations in
its electronic structure and other physical properties. To achieve this, we used the
momentum-resolved, high-resolution electron energy |oss spectroscopy (¢-EELS) of Prof.
M. Haruta. We measured along the Gamma point at the Brillouin-zone center towardsthe
boundary in the reciprocal space. The results were very exciting; the spectrum clearly
showed plasmon and exciton peaks in the low-energy region, and the results were
consistent along both the MoS: and WSez directions, indicating a redistribution of
electronsin the stacked heterostructure. Thisis apreliminary result, and further research
discussions and experimental progress are needed in the future. It is expected that this
collaboration will yield very good resullts.
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Nano-structural and Atomic-resolution Char acterization on the L ocal
Structure of Novel Functional Energy Materials by Advanced
Transmission Electron Microscopy

Thapanee Sarakonsri Chiang Mai University

1. Sn/Si-based nanocomposite anode materials for lithium-ion batteries

Fig. 1(a-€) showed electron energy loss spectroscopy (EELS) mapping of Si, Sn, O and C retrieved from
the Sn/Si-based nanocomposite. C was found to surround other elements. The EEL spectrum of C (Fig.
1(f)) exhibited aweak n* (~284 eV) and abroad c* feature (290-300 eV) without a pre-peak, characteristic
of amorphous C. These results confirm the successful C coating on the Sn/Si-based nanocomposite.

2. Biomass-derived thin-layer carbon anode materials

Fig. 2 exhibited the morphology of biomass-derived thin-layer carbon materia (Fig. 2(a)), showing the
absence of Iatticefringes indicating the formation of amorphous carbon. The EEL spectrum (Fig. 2(b))
revealed aweak * peak along with abroad ¢* features which were aso indicative of amorphous carbon.

] ) ==

nnn-wnuu\n

Fig. 1 (a) TEM image and EEL S mapping of (b) Si, (c) Sn, (d) O and () C; (f) EEL spectrum of C Flg 2. (a) TEM image, (b) EEL spectrum

3. Biomass-derived poroushard carbon for next-generation sodium-ion batteries
Peanut shell-derived porous carbons (PC) were characterized by = @

EELS (Fig. 3(a)). More pronounced n* and o* features were
detected after treatment, indicating increased sp? carbon and |
graphitic-like domains. TEM image (Fig. 3(b)) revealed irregular

carbon sheets with abundant nanoscal e pores, while HRTEM (Fig. T
3(c)) confirmed fringes typical of turbostratic carbon with 2&,;;;23;2&3 P e ey, Tem
interlayer spacing of ~0.36 nm. image, () HRTEM image of treated PC

4. Anthraquinone-based Porous Organic Polymer s (POP-AQ) composited with TiO2(B)

AQ-POP with sheet-like morphology was achieved via nano-interfacial synthesis (AQ-POP-NI). Fig. 4(a)
shows AQ-POP appearsin abright area. The TEM and HRTEM images of AQ-POP are shown in Fig. 4(b-
c), indicating amorphous nature. EEL S mapping (Fig. 5) showed C, O, and N distributed in AQ-POP-NI.
After composite with TiO(B), AQ-POP-NI (Fig. 6) displayed as nanoparticles on TiOx(B) nanorod.

5. Novel Metal-Organic Frameworks (MOFs) asanodein LIBs

MOFs offer tunable molecular architectures with controllable porosity, coordination environment, and
electronic properties, making them promising anode materials. Advanced characterization using STEM-
HAADF, and TEM-EELS enables detailed investigation of metal centers, bonding environments, and
oxidation states. However, TEM measurements of MIL-53(Al) (Fig. 7) did not show diffraction spots,
indicating poor crystalllnlty or amorphous character, preventlng acqwsmon of HRTEM images.

Fig. 4. (a) Annular dark- flddlmageof AQ- Fig.5. EELSmapof (a) Cand C-pca, (b) O Fig. 6.TEM image
POP and (b-c) HRTEM image of AQ-POP  and O-pcaand (c) N-pcaof AQ-POP-NI of AQ-POP-NI

6. Investigation of novel hierarchical carbon materials and mix-phase Titanium dioxide for
Wastewater treatment .
Hierarchical PC spheres functionalized with Ni-Fe @
nanoparticles were characterized (Fig. 8(a-C)).
Results confirmed a core-shell structure consisting
of a metallic Ni-Fe core and oxidized Fe shell,
encapsulated by graphitic C. Residual N sgnals &
indicated adsorption of dye molecules. EEL S of Au- Fig. 8. (a) EELS spectrum at the core and shell of the Ni-Fe particles,
doped mixed- phase TiO, disti ngwshed anatase and (b) EELS mapsfor C, Ni, N and Fe (c) EELS spectrum at the TiO, nanorod
B phases and reveal ed defect structures, confirming its suitability for photocatalytic wastewater treatment.

Publications
1. O.Namsar, T. Autthawong, C. Y odbunork, W. Y odying, N. Mahamai, K. Kunniyom, M. Haruta, T. Sarakonsri, Radiation
Physics and Chemistry 235 (2025).
2. W. Punyaarthansakun, T.-N. Pham-Truong, T.-T. Bui, P.-H. Aubert, M. Haruta, T. Sarakonsri, N. Semakul, Efficient
Synthesis of Dua Redox-Active Disulfide Polymers for High-Performance Lithium-Sulfur Batteries (submitted
manuscript)

Fig. 7. TEM image of MIL-53(Al)

-137-



2025-137

L— P —ERE A A IR I X B
BB RA A E—LEROEDD L —F — BN DOR#E

NG TERL B RN FE B SE A

[BEME OB W]
ARFFEO BHL, B TRIEREICHHEA L (NI UL A, R, EF, T vid) &
L —F—BRENC L 0 @R TR T 2 B2 R T2 2L THDH, T LY, Zikiea A U Fa TR
L7 DS AIRIE DO ATREME 2 IR U, SER D B RRARIE Tl R BMR N DB A~DOXHERC, IEF ik ~D & 2
— UKk A FEBLT D T A IR E OMNL A BAR T,
[EB T, ERER. BE]
BUE D TR TR ATRIR TIXBITRFBA T DO SN TWA R, BURFRIBIR O EIMEN A (]
FTUMEASA) TR L THE, BB A LR PEEDORE WA A 2 AW IBROAME N R S Tn
%o Flo, EHMHMEA~OZ A —VEEEBOE LT, NV T LR EORA AL 2T DIEEIELIRE
SNTEY, EESECS T~V T A AV BEOEBRBYFEI N TS, LrL, ZhbHDA 4l
R CREIRIEIC S D728, ERTFIETITERMERARETH Y | L—F —BRENIEHE O H 23 HIBR &
LTV,
AIFFE T, KRR A% EAREER RIS @& ORI 570, FEARRGEICHW LN D A A EALE
ZRWIARRERTFEZ RN L, BAERIZIE, BEREEDO 10at% @2 omEE TERA A 2=y
TFAEFIZNTHINZEA L, b—F—IElZ U7 gk g 2 ek L=, Dk, CW L—H%—H
FHZ X - TIERERZ INEV L, RIETEREOREEIT T2, REMIZ, @E - B VA L—F—%
FRGT U CAo A iR 528 % 5k L 7=,
FERAEROMATITIE N &Y LT R T sz Avic, EZIEMBREE CRE L2581 EL LT
B TR S 7= — 05, CW L—TF— BRI EHA A ORHEAER S, Zhud, L —%—
INE X o THRMTG G R OB ST E A DRI S v, ARAIPICEA S - R MBI MIIE S fuiz
ZEETRELTWND,
UL EDRERNG | A A EAEA & U—F— I 2 A G b 5 2 & T, B TRIKRIEICS 57
T L——BRENC & 0 B RAICHIERTRE T D = L 2 EFE Lo, ATEIL, SHA AV FIC LT
W TREZ2 8T LU MERERFHES 2 IRt 2 b O TH D,
(ML EICRBIT DALEMNT]
ARFIENE, BDATBRIZBIT 524 4 FEH A

. . (a) 3ENZA (b) hnzh
DAREME A IRIRE L, BUH BRI O 7= 72 = BA e : B R
ICHETDHDOTH D, BT, HERIARETIIAD g g |
HERREBTH - 7208 A ~DRIERe, TE R
MRORHEEZ B E LIz~ T A 4 v FREHRE
IZBWT, A% EEREEIZES 2 LR
S5, KERORRBIZEY . X0 K HoOE
B 7 R - RRIB R O FEBLOMEHE S, A
RO LR LEENICEMRT2EE2 6N

Do 1 ZBHRELANLHIZEALZ
= T IERIN IR LA A 155
(a)FFNENEE  (b)JINENK?

-138-



2025-138

A X ANEHMAERE ORI LF D REED O Sem L P W EH A EZ
O & LI EBOITHRYT

REHE ZRERTER AT

HEY :

AWFFEIXHATREEIR TH D /MANAA A~ ZTHER L, KEMEED TS TH DL
0 —2RRY J = A b E R (CNF 72 &) 28t AL E ~ D3N 2RI 25 Hal |
HEOBZ B &5 5, ALFAFZERT - FAIFZEE T, flix Oftii & B bk FEKRZ v
T, HaT e AR ORI RIE IR RIEOBR 21T > T D, T OB, AR 2 K
MR T TICEEEH S, BECEAMEZFEBE TE 288IMELE LTHE SISt
Nua—RF 77 A43— (CNF) BROEEDNRESIZELND Z LR LTS,

HEEA L, AXABREOENE T 2 1ER LT, PRI S, 2D OIS &
LR E ORiR 2 (b E WAL (Imaging) T2 R EZHEE Lo, Z O, JEFBEEE & SEM
EOFRH LT, V7=, Bra—REO A 2 ATt b U O @ Baiiss) . SEM 2 -\ T
B L~V OBRE PRI & BT 5 R 2 M58 L 7= (CLEM ik - 8 BB BEYR) o

AWFFEIE, ALK & AR IZ 1D AR o i fe 2 | VP BMEEH B A 2 VW
ORI 72 0 ik 2 O TCL MR RE AL & . ET-ICR MS 43#r & F 7= o3 fid E W) D i A
ICHEAZEZ, KD O b RS O AL ~ DN R0 53 & IR FRTE OB
W RN HRITH) A BT B,

RREE 1L, O ASARBEG A (0.009mm &) 252 Lick v, iz v, i
AL KFBAKDIT, WROICAKEY R 20 CTE 52 25T Lz, KAEBRIZ, @
Yl & < B O BUSHE(0.04 ml 7)) & W C, fifEICiED A 7 U —= 2 T RARETH D,
R6 FE X, AXARBHOENIFHEL, WERLAKFEK (30%) WIRCTHfELI=DOL, T
R, 7T v R N wFERA - T D AR BRI 3-NPH #33K) 2 H ¢
FT-ICRMS % H\ T, H2O2 HAM/+ RN 53 iR EEW) WA ATAE S D ARGy - REI D J1 V7R |
TNAT e RS MrofeEy GrrR) ZMEENICEE L7, LoL7Zen b, 3-NPH (X7
WRVBUAMZ T VT v R/ b S ORT D720, R, BVAR VR SR
THNR, TATE R 7 bk, REFEE L7 0niREK s LT, 2022 FIZBF S = v
RN U ERICHE R T 5 8 Y U= U AFFEREEEE - TPP-AEP (J. Am. Soc. Mass
Spectrom. 33(2022):1492) 5l L. A X AE H202 i pE) 2 & L T8t 2177
VN, ET-ICR MS % T, SR pEM) ORERENI IR ENT 21T > TN D, £ DOFER., 3-NPH k3K
IZBW TR FFE IR b S 6 EOLEWIL, TPP-AEP Z WG A28 W T, i
<HEMBE SN, DRV BEGEE L OLO LHEE ST,

—F5., AESNZINEDOHNVRUBEEY () 3, BiEkz2bob 0L, -
VMEEWIDFET D720, 5%, BIEIRZ B 5 HAY T, ion-mobility MS, CE-MS, LC-MS
LHEHNT, BYEROREZITo CTWETZW, X, BIEEESEZ SO CREINTZ o+ E2 85
To 7R3 E & U TR HoO2 R Z ATV, K VARG T~ D iR & . Tk iR EE) D[]
JE% FT-ICR MS # HWW T LM LTV E 2L,

TPP-AEP &L HBIR 272 & £ Uiz, RS - SHF RIS L £
‘@—‘O

-139-



2025-139

Theoretical design of low-dimensional silicon material embedded in a flat two-
dimensional sheet and exploration for operating principles

Masae Takahashi  Tohoku University

[Objectives] The advent of flat two-dimensional (2D) materials such as graphene has rapidly advanced
nanotechnology. Silicene, the silicon counterpart of graphene, promises seamless integration with existing
silicon-based nanotechnol ogies. However, silicene faces significant challenges, including instability in air due
to its non-planar, buckled structure. Additionally, silicene is typically synthesized via epitaxial growth on a
substrate, which significantly disrupts its = -conjugated system. The fabrication of free-standing, planar
silicene has long been a highly sought-after goal. We report here the computational design of five planar
silicon-rich 2D alloys consisting of silicon and beryllium, structurally derived from our previously designed
molecular building blocks with planar configurations (1-5) (M. Takahashi, Sci. Rep. 2017, 7, 10855).

[ Computational Details] We performed structural and electronic calculations within the density functional
theory (DFT) framework, as implemented in the CASTEP code (ver. 2024). Total-energy calculations were
based on the plane-wave DFT method within a generalized gradient approximation. The Perdew—Burke—
Ernzerhof exchange—correlation functional was employed as implemented in the CASTEP code. Norm-
conserving pseudopotentials were used to describe the el ectron—on interactions.

[ Results and Discussion] We have investigated the structural flatness, dynamical and thermal stability,
€lectronic and mechanical properties. Four of thefive alloys exhibit planar geometries as|ocal minimawithout
imaginary frequency at the I" point, a key factor for air stability. Notably, we achieved direct band gapsin
these materials, contrasting with the indirect gap of bulk silicon and the zero-gap nature of silicene. Phonon
dispersion and ab initio molecular dynamics simulations confirm the dynamical and thermal stability of the
direct-gap semiconductor. Additionally, their reduced in-plane Y oung’s modulus and comparable minimum

thermal conductivity compared to graphene suggest high mechanical flexibility and efficient heat dissipation.
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[Publications] [1] M. Takahashi, Discover NANO 2026, 21, 50. [2] M. Takahashi, Chem. Phys. Impact
2025, 11, 100977. [3] M. Takahashi, Molecules 2025, 30, 1158. [4] M. Takahashi, OMCOS X X1, September
1-5, 2025, Kyoto, Japan.
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Fluorite ferroelectrics are exciting candidates for next-generation non-volatile
memory devices because their unique ferroelectric mechanism, which arises
from unconventional oxygen displacements, permits ferroelectricity with
minimal thickness constraints. However, the polarisation switching mechan-
ism remains the subject of intense debate due to a limited understanding of
the atomic-scale dynamics which are extremely challenging to detect and
measure. Here, we observe directly the polarisation switching pathways by
visualising oxygen site dynamics in ZrO, and Hfg 5Zr 50, freestanding mem-
branes using an advanced atomic-column imaging technique—optimum
bright-field scanning transmission electron microscopy. We observe that the
180° and 90° polarisation pathways involve different nonpolar intermediate
states with distinct spatial scales. Coupled with density functional theory, we
also reveal how different cation species in fluorite oxides impact the accessible
polarisation switching pathways. Our atomic-level insights into the polarisa-
tion switching dynamics open new avenues for the advanced engineering of

fluorite ferroelectric materials and resulting memory devices.

Ferroelectric materials, characterised by a spontaneous polarisation
that can be reversed by an external electric field, have long been a
focus of research in materials science’. Their unique ability to switch
polarisation provides a wide range of applications, including non-
volatile memory devices’. Traditionally, perovskite oxides such as
BaTiO; and Pb(Zr,Ti)O; have been known as typical ferroelectric
materials®. However, these materials face intrinsic limitations when
scaled to nanometre dimensions; for instance, the ferroelectric prop-
erties in perovskites generally degrade at film thicknesses of tens of
nanometres, which hampers further miniaturisation of memory
devices*. In addition, the growth techniques for these materials are less
compatible with complementary metal-oxide-semiconductor (CMOS)
processes, due to the high temperatures required and lattice-

mismatched substrates®. To overcome the limitations imposed by
film thicknesses, recent studies have reported an inverse size-scaling
ferroelectric transition in centrosymmetric DyScO3 occurring below a
critical thickness of -5nm, driven by surface charge transfer and
symmetry breaking, as well as switchable multistate ferroelectricity in
NH;-based topotactically transformed Lag 7Sro 3MnOs;.s with quasi two-
dimensional ferroelectric layers thinner than 2 nm’%,

A breakthrough in the field came with the discovery of ferroe-
lectricity in fluorite-type oxides such as HfO,, ZrO,, and Hf5Zros0,
(HZO)’. Unlike conventional perovskites, ferroelectricity in these
materials arises from shifts of oxygen anions rather than from the
displacement of cations within a crystalline structure. HfO,, already a
standard high-x material in CMOS processes'®, demonstrated robust
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ferroelectric switching in Si-doped films, as first reported by Boscke
etal". This discovery not only spurred extensive investigations into the
fundamental mechanisms governing ferroelectricity in these systems
but also highlighted their potential for enabling devices with ultrathin
active layers—down to nanometre or even just a few atomic layers—
thus overcoming the critical thickness limitations inherent to per-
ovskite ferroelectrics'.

In fluorite-type oxides, the ferroelectric phase is typically asso-
ciated with a non-centrosymmetric orthorhombic structure (space
group Pca2,), in which displacements of oxygen ions with respect to
the heavy cations (e.g., Hf and Zr) produce a net dipole moment".
Notably, these materials often exhibit polycrystalline structures, i.e., a
texture of nanometre-sized grains with different crystalline phases,
even if fabricated by an epitaxial-film growth technique such as pulsed
laser deposition (PLD)"*, including metastable polar and nonpolar
phases due to the near-degeneracy of these phases. Consequently,
unveiling these crystalline structure characteristics and their transi-
tions, and engineering polarisation switching in the ferroelectric phase
of fluorite oxides is critical not only for advancing fundamental
understanding but also for optimising their performance in memory
applications because these dynamics are inevitably related to the
wake-up and/or fatigue phenomena®.

Scanning transmission electron microscopy (STEM) has been
emerging as a powerful tool in this regard. Modern aberration-
corrected STEM techniques enable direct imaging of individual atomic
columns with sub-Angstrom resolution, thereby providing detailed
insights into the local atomic structure”. High-angle annular dark-field
(HAADF) STEM is a common STEM imaging technique for materials
characterisation that excels in visualising heavy elements such as
cations, and hence is useful for detecting the cation-induced polar-
isation structures™. As for the oxygen sites, which plays a pivotal role
for the fluorite-type ferroelectrics, phase-contrast-based techniques
can be applied to visualise them. By means of these, recent STEM
analysis of fluorite ferroelectric materials not only identified crystalline
phase of individual nano-sized grains® but also observed polarisation
structures, some of which visualised the structure evolution such as
polar-nonpolar phase transition and polarisation switching triggered
by an electron irradiation or electric-field biasing'**. In these STEM
observations, it was reported that a nonpolar tetragonal phase plays an
important role as an intermediate or interfacial structure during the
switching, which has also been observed by in-situ grazing incidence
X-ray diffraction measurements’*?>. However, the detailed atomic
structures and dynamics of these transition pathways, including
intermediate states, remain unclear, and consequently the means to
selectively facilitate or suppress specific pathways to obtain the
desired ferroelectric phase and polarisation switching paths remain
unknown.

In this study, we unveil the atomistic pathways of 180° and 90°
polarisation switching and their intermediate structures involved in
the fluorite ferroelectrics. Critically, we reveal the accessible pathways
to be cation-species-dependent, by comparing the atomic-structure
dynamics of freestanding ZrO, and HZO membranes. To investigate
the detailed polarisation structures and switching pathways, we
employ an optimum bright-field (OBF) STEM technique?*, which can
visualise both oxygen and cation sites simultaneously with high sen-
sitivity. Our approach first demonstrates that OBF STEM can effectively
visualise the local atomic structure within these membranes, resolving
both the polar and nonpolar phases. Building on this static analysis, we
then explore the dynamic behaviour of these atomic structures under
high beam-current electron irradiation. In particular, our observations
in ZrO, membranes reveal the 180° and 90° polarisation switching
within the ferroelectric structure is mediated by reversible phase
transitions between polar and nonpolar states. Furthermore, we per-
form a higher-speed OBF STEM data acquisition, which allows us to
capture two different nonpolar intermediate structures along the 180°

and 90° polarisation switching pathways, providing unprecedented
insight into the transient states that occur during the switching pro-
cess. We also perform the observation of an HZO membrane, shedding
light on how the different atomic species of cation sites impacts the
dynamic behaviour regarding the phase transition and polarisation
switching. The energetic landscape governing these transitions and
switching processes is elucidated by the density functional theory
(DFT) calculations, complementing our experimental findings. In
addition to the detailed structure evolution analysis during the phase
transition and polarisation switching of ZrO, and HZO, our approach
offers a critical guideline to engineer these dynamics and realise the
advanced fluorite ferroelectrics.

Results
Visualisation of the static polarisation structure at the
atomic scale
The projected atomic-structure models along the [001] zone-axis of
nonpolar tetragonal (space group P4,/nmc), polar orthorhombic
(space group Pca2;), and anti-polar orthorhombic (space group Pbca)
phases in the fluorite ZrO, and HZO are shown in Fig. 1a. In the tetra-
gonal phase, cation (Hf/Zr) sites form a cubic-like lattice along this
projection and oxygen sites are located in the centre of this cation
lattice, giving a nonpolar structure as shown in Fig. 1a. In the orthor-
hombic phase, on the other hand, the distance in the [100] direction
between the tetragonal (100) and (200) cation planes alternates from
narrow (2.36 A) to wide (2.69 A), in this projection. Moreover, in the
wide layer, the oxygen site shifts off-centre within the wide cation
lattice in the [010] direction, while the oxygen sites in the narrow layer
remain centred. This polarisation due to oxygen shifts causes the fer-
roelectricity in (H)ZO (where we use (H)ZO as shorthand to refer to
both ZrO, and HZO). These fluorite-type oxides have distinct polarised
atomic layers in between oxygen-centred nonpolar spacers, making
the polar domain stable even down to a single atomic layer in width®.
In the anti-polar orthorhombic phase, the direction of the oxygen shift
alternates as shown in Fig. 1a, resulting in the anti-polar behaviour.
We first analysed these features inside the (H)ZO membranes
using OBF STEM. The OBF STEM technique can visualise atomic
structures including both heavy and light elements with high sensi-
tivity, making it powerful for probing the oxygen-induced polarisation
structures described above. For the structure analysis of ZrO, and
HZO, nanometre-thickness membranes were fabricated using the
pulsed laser deposition (PLD) method and then transferred onto TEM
specimen grids, with details described in the Method section.
Figure 1b—d show the resulting experimental OBF images of each phase
inside the ZrO, (5 and 10 nm thicknesses) and HZO (5 nm thickness)
membranes, visualising both the Hf/Zr and O atomic sites. As shown in
Fig. 1b, in the nonpolar tetragonal phase observed in the 5nm ZrO,
membrane, the higher intensity spots, which correspond to the Hf/Zr
sites, are arranged in a square lattice in projection, and lower intensity
spots, corresponding to the oxygen sites, are located in the centre of
this square cation lattice. On the other hand, in the orthorhombic
phases, the oxygen sites show a dumbbell-like elongated intensity
distribution compared with the tetragonal phase and are located in the
off-centred position inside the wider-spaced layers of the cation lattice
as shown in Fig. 1c, d. It is also evident that the oxygen shift is aligned
along one direction in the polar orthorhombic phase (Fig. 1c), which
was observed in the 5 nm thick HZO membrane, whereas the oxygen
shift direction alternates 180-degree in the anti-polar phase observed
in the 10 nm ZrO, membrane (Fig. 1d). These results show that the OBF
STEM technique is promising for probing the atomic-scale oxygen-
triggered polarisation structures in the fluorite oxides. It is noted that
recent atomic-structure investigations have revealed that perovskite
oxides can also exhibit ferroelectricity due to the oxygen displace-
ments relative to the cation sublattice despite the traditional picture of
cation-induced polarisation®, indicating that observations of the
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Fig. 1| Atomic-structure model and atomic-resolution OBF STEM images of
polar/non-polar phases in (HZO membranes. a Atomic-structure models of
nonpolar tetragonal, polar orthorhombic, and anti-polar orthorhombic phases
along the projection perpendicular to the (001) plane. Cation (Zr/Hf) and oxygen
sites are shown as green and red spheres, respectively. The projected cation lattice
distances are also shown, using values obtained from DFT calculations.

Experimental OBF STEM images of (b) tetragonal in a ZrO, membrane (5 nm thick),
(c) polar orthorhombic in a HZO membrane (5 nm thick), and (d) anti-polar
orthorhombic phases in a ZrO, membrane (10 nm thick). Yellow arrows indicate the
polarisation direction of each atomic layer in the orthorhombic phases. The atomic-
structure models are also overlaid. Scale bar: 1 nm.

atomic displacements of both cations and anions are essential for
analysing the ferroelectricity.

Reversible phase transition and polarisation switching under
high electron dose illumination

In electron microscopy, electron illumination can cause dynamic
structure changes inside materials such as phase transitions??%, grain
boundary migration”, and polarisation switching®. In the case of
fluorite ferroelectric materials such as (H)ZO, it is reported that elec-
tron irradiation can trigger the phase transition and/or polarisation
switching”. Observing these structure evolutions and their transition
pathway at the atomic scale is critical for understanding the ferro-
electric mechanism and how it might be manipulated and optimised
for practical applications. Here, we use OBF STEM with a high illumi-
nation beam current to capture the dynamic behaviour of our ferro-
electric membrane sample at the atomic-scale, where a mechanism to
induce these dynamic events via the electron beams is discussed in the
Supplementary Note 4. In typical STEM measurements, such as shown
in Fig. 1, the electron beam current is around 10-20 pA. Here, we
deliberately use a 100 pA probe current to stimulate the phase tran-
sition and record as a movie, a sequence of images from the same field-
of-view (FOV). We have confirmed a clear threshold of the beam cur-
rent to trigger the dynamics, providing a strategy to choose the proper

current for the experiments performed in the present study as shown
in Supplementary Note 6.

To establish a baseline, we first use a relatively low probe current
of 15 pA. Figure 2a, b shows the corresponding OBF STEM image of the
nonpolar tetragonal grain of the 5nm thickness ZrO, membrane, as
discussed in Fig. 1. We obtained thirty images sequentially with a
scanning speed of 500 ns/pixel with a 2048 x 2048 pixels scan
(equivalent to three seconds per frame or 0.33 frames per second)
from the same field-of-view, resulting in 2.7 x 10° e /A*/frame as a total
dose per area. We then averaged these images after aligning them to
correct for stage drift. During the sequential acquisition, the tetragonal
grain retained its original atomic arrangement as shown in Supple-
mentary Movie S1, indicating that the electron irradiation at 15 pA did
not change the atomic structure.

We then increased the probe current to a high current of 100 pA
by changing monochromator focus value only (while keeping all
other electron-optical parameters and resultant observation condi-
tion the same) and obtained another image sequence from the same
initially tetragonal grain observed above, with results shown in
Fig. 2c-e. Here, the electron dose per area was also increased to 1.8 x
10* e /A%/frame. At 69s, the tetragonal grain changed into the
orthorhombic phase that has polarised oxygen shifting off centre
relative to the cation lattice along the tetragonal [010] direction,
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Fig. 2 | Direct observation of reversible phase transition and polarisation

switching in Zr0O,. a OBF STEM image of a tetragonal grain in the ZrO, membrane.
Scale bar: 1 nm. b OBF STEM image obtained by cropping and magnifying the cyan-

dotted rectangular region shown in (a). The atomic-structure model is overlaid.
Scale bar: 1 nm. Sequentially obtained OBF STEM images which show (c) (0-725s)
the phase transition between tetragonal and orthorhombic phases, (d) (99-108s)
180-degree polarisation switching, and (e) (216-225s) 90-degree polarisation
switching. The time count is set so that the first image acquisition is O s just after

increasing the probe current to 100 pA. Scale bar: 1 nm. f Time-series showing the
ratio of the nonpolar and polar phases in the whole nanocrystal. Yellow, red, green
and blue bars indicate the ratio of the phase polarised along [0-10], [010], [100],
and [-100] directions, respectively. The relationship between the colours and the
directions are also indicated in the right-hand side panel of (c). The nonpolar

tetragonal phase is shown as grey bars. The events shown in (c-e) are highlighted
on this timeline.

which is evident in the OBF STEM image (see also Supplementary
Movie S2). After an extra scan, this structure changed back to the
original tetragonal structure reversibly.

After several scans taking a further -30s, the tetragonal grain
changed back to an orthorhombic phase (at 102 seconds), however,
this time the polarisation structure is still along tetragonal [010]
direction but has different polarisation ordering from what was
observed in Fig. 2c. After a further beam exposure (at 105 s), this grain
remained in the orthorhombic phase but a 180-degree polarisation
switching occurred in the two leftmost atomic layers shown in Fig. 2d.
Before and after this polarisation switching, the arrangement of the
cation lattice remained unchanged, but the oxygen sites are shifted
locally relative to the Zr cation lattice. After an additional scan, this
orthorhombic phase changed back to the tetragonal phase reversibly,
with the oxygen located at the centre of the cation lattice. As shown in
the Supplementary Movie S3, the 180-degree polarisation switching
and phase transition between tetragonal and orthorhombic phases

were observed multiple times and were reversed in the sub-
sequent scans.

After additional electron exposure, 90-degree polarisation
switching also started to be triggered as shown in Fig. 2e and Sup-
plementary Movie S4. The grain had a tetragonal atomic structure at
216 s and then, after a single scan, became a polarised orthorhombic
structure where the oxygen sites are shifted in the tetragonal [100]
direction with reference to the cation sites (horizontal direction in the
figure orientation). At 222 s, the orthorhombic structure has changed
into an orthorhombic structure polarised along tetragonal [010]
direction, showing a different type of switching path from previous
results. As discussed in Fig. 1, the polar orthorhombic structure has a
uniform cation-cation distance along the polarisation direction and
alternately wide and narrow distances perpendicular to it. During this
90-degree switching process, not only the oxygen sites but also the
cation sites change their positions, requiring a larger shift of the
atomic positions than that required in the 180-degree switching. The
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distinct change of cation lattice spacing and resulting lattice strain are
also confirmed by the lattice strain measurement based on the
simultaneously obtained ADF images as described in Supplementary
Note 2. Here it is clearly visualised that the orthorhombic phase has
two different sublattices strained alternately perpendicularly to the
polarisation direction, while the tetragonal phase has uniform strain
distributions. Furthermore, it is visualised that the grain contains the
tetragonal phase near the perimeter of the grain despite the bulk area
having transformed to the orthorhombic phase in ZrO,. This is con-
firmed via the oxygen position determined approximately from OBF
STEM images and strain distribution determined from the ADF STEM
images, as shown in Supplementary Figs. S3 and S5.

From the time-series of OBF STEM images, a ratio of the volume of
polar and nonpolar phases within the whole ZrO, nanocrystal was also
counted as a function of time, as shown in Fig. 2f. It can be seen that the
initially tetragonal nanocrystal takes some time, (i.e. accumulated
electron dose), before the first reversible phase transition between
tetragonal and orthorhombic phases occurs (Fig. 2c) and further time/
dose for the first 180-degree switching event to occur (Fig. 2d) and
even further time/dose for the 90-degree switching events to occur, as
discussed above. This suggests qualitatively that the activation energy
required is lowest for the tetragonal to orthorhombic phase transition,
higher for the 180-degree switching event and highest for the 90-
degree switching event.

We also performed this (non)polar-phase-ratio statistical analysis
under higher-dose electron illumination over several ZrO, grains, as
shown in Supplementary Fig. S8, and find the dynamic behaviour and
frequency of the switching events are consistent with what was shown
in Fig. 2 (see Supplementary Note 5 for details). It has been observed by
Lomenzo et al using band-excitation piezoresponse force microscopy
(BE-PFM), that the nano-sized grains in ZrO, independently undergo
the reversible tetragonal-orthorhombic phase transition under applied
electric field, which is responsible for the anti-ferroelectric nature of
Zr0O, such as the double hysteresis loop in the P-E measurement™.
Given the switching observed in the present study is also driven by an
electric field induced by electron irradiation (see the Supplementary
Note 4), it can be said that the reversible phase-transition and
switching events visualised here at the atomic-level, provide a direct
atomic-scale counterpart to the electric-field-driven dynamics repor-
ted in the literature using BE-PFM. We also demonstrate how the
switching dynamics can be manipulated via different electron-probe
scanning strategies as discussed in Supplementary Note 6. Uncon-
ventional scan patterns and/or electron dose modulation using a high-
speed electrostatic beam-blanker, beyond the uniform raster scan of
the STEM probe, may allow for the further manipulation of switching
dynamics®3*,

Intermediate structures during the polarisation switching
In the previous section, we observed reversible phase transitions and
polarisation switching in the ZrO, membrane by means of OBF STEM
with a high probe current. To provide a detailed understanding of the
polarisation switching pathway, we performed OBF STEM measure-
ments with a higher-speed scan. With a scan speed of 200 ns/pixel and
sampling of 512 x 512 pixels, we obtained sequential OBF images at
0.0629 seconds/frame or 16 frames-per-second. Figure 3a shows the
tetragonal grain observed under an initial 15 pA probe current illumi-
nation (5.5 x 10? e/A%/frame), which shows the nonpolar oxygen-
centred atomic configuration consistent with the result shown in
Fig. 2a. We focus on the single atomic layer along the tetragonal [100]
direction as highlighted by the cyan dotted rectangular in Fig. 3a.
Following the initial low current OBF STEM image of the tetra-
gonal grain, we increased the illumination current to 150 pA (5.5 x
10° e/A¥/frame) and took a higher-speed time-series OBF STEM ima-
ges. Figure 3b and Supplementary Movie S5 show the sequence of OBF
STEM images, focusing on the single atomic layer inside the grain,

where a more extended field-of-view is shown in the Supplementary
Note 10. As observed in the lower probe current (15 pA) condition, the
layer shows the tetragonal structure at 0.0s. At 0.1887s, while the
atomic layer mostly has the tetragonal structure, it can be seen that
some of the oxygen sites in the right-hand side have started to shift
away from the centre of the cation lattice, showing a mixture of the two
phases (see Supplementary Fig. S12 for details). It is noted that the
oxygen-site displacements with respect to the Zr sites can be clearly
observed by intensity line profiles of the OBF images as discussed in
Supplementary Note 7. At 0.3774s, the oxygen sites have shifted
completely in one direction parallel to tetragonal [100] and the atomic
layer has changed to the polarised orthorhombic structure as
observed in previous sections. After nine scans (at 0.9435s), the oxy-
gen sites on the right-hand side of the layer started to shift in another
direction along tetragonal [-100] whereas the left-hand side of the
layer still shows the polarisation toward the [100] direction. After a
further scan (at 1.0064 s) the left polarised domain propagated into
the left-hand direction. Here, the area between the right- (O(>)) and
left- (O(«)) polarised domains has a transient atomic structure (O’)
during the 180-degree polarisation switching, where the image inten-
sity at the oxygen site is lower than that of the polar orthorhombic
phase and distributed either side of the vertical tetragonal (100) and
(200) planes of the cation lattice.

During the 180-degree domain switching in the fluorite oxide
materials such as (H)ZO, it has been suggested that the domain wall has
a nonpolar interlayer between two oppositely polarised domains,
which has orthorhombic Pbcm structure for the head-to-head bound-
ary and tetragonal P4,/nmc structure for the tail-to-tail boundary®. To
investigate this, we compare our experimental OBF STEM images with
simulated images of nonpolar tetragonal, polar orthorhombic (polar-
ised to right and left directions respectively), and non-polar orthor-
hombic phase (space group Pbcm) within single layers, where the
polarised oxygen shift occurs when the structure has polar phase, as
shown in Fig. 3c. In the crystallography literature, the nonpolar
orthorhombic Pbcm structure in fluorite-type materials is considered
as a mixture of disordered domains of ferroelectric Pca2; phase with
two opposite polarisation directions, providing a centrosymmetric
and nonpolar phase as an average whose oxygen sites are split into two
half-occupied sites distributed either side of the cation planes, as
shown in Fig. 3¢**¥. In some theoretical calculations of the switching
pathway, the Pbcm structure is assumed to have non-split oxygen sites
located in a straight line with the cation planes®*, Instead, we employ
the former Pbcm structure due to its better description of what was
observed in the OBF image. Here, in contrast to the tetragonal and
polar orthorhombic phases, in the nonpolar orthorhombic Pbcm
structure, the oxygen site splits into two sites with a half occupancy
(shown as half-red and half-white spheres in the structure model)*’,
appearing as even lower intensity spots in the simulated OBF image.
The experimental OBF image at 1.0064 s shown in Fig. 3b corresponds
approximately to the simulated intensity distribution for the nonpolar
orthorhombic phase around the head-to-head domain boundary
region. After another scan (at 1.0693s) the left-polarised domain
extends into the left-hand side of the layer and a few oxygen sites at the
left edge of FOV show diffuse but centred intensity, which is inter-
preted as the mixture of T and O phases similar to what was observed
at 0.1887 seconds. At 1.6983 seconds this atomic layer turns back
completely to the tetragonal phase, where the oxygen sites are located
in the centre of the cation lattice. This result shows that the oxygen site
is bridging across the cation lattice plane for the 180-degree switching
via the nonpolar orthorhombic Pbcm phase.

We next show higher-speed OBF STEM imaging of 90-degree
polarisation switching. Figure 3d shows another tetragonal grain in the
same ZrO, membrane, whose atomic structure was identified by low
probe current OBF STEM imaging. This grain first showed 180-degree
domain switching after increasing the probe current and then started
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90-degree switching subsequently as also shown in Fig. 2e. Figure 3e
shows the time-series of 90-degree switching, starting from the verti-
cally polarised structure, whose time is counted as the 0.0 second
frame (see also Supplementary Movie S6). In this image, the oxygen
sites are shifted along the tetragonal [010] direction (vertically with
respect to the cation sites). In the next scan (0.0629 s), these oxygen
sites are shifted to the centre of cation lattice, showing the tetragonal
phase. At 0.1258 seconds, the oxygen site within a single layer has
shifted to the [100] direction (right-hand side), showing the locally left-

polarised orthorhombic phase within that monolayer. After another
scan at 0.1887 seconds, oxygen sites within the same layer shifted back
to the centre of the cation lattice, corresponding to the tetragonal
phase again. We illustrate this sequential structure evolution as a series
of atomic-structure models below each OBF STEM image, corre-
sponding to the region in the cyan dotted box as highlighted in Fig. 3e.
This result shows that the oxygen sites are moving around inside the
cation sublattice during the 90-degree polarisation switching: the
shifted oxygen sites within the polar orthorhombic phase move to the
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Fig. 3 | Observations of intermediate structures during the 180- and 90-degree
polarisation switching in ZrO,. a OBF STEM image of a tetragonal grain obtained
under the initial lower probe current (15 pA). Scale bar: 1 nm. b Time-series of OBF
STEM images taken with higher probe current (150 pA), probing the 180-degree
switching (16 fps or 0.0629 seconds/image). Each frame is cropped from the region
indicated in (a). The assigned phases are tetragonal (T), right-polarised orthor-
hombic (O(>)), left-polarised orthorhombic (O(«)), and nonpolar orthorhombic
(0), respectively. The domain wall between O(>) and O(<«) is highlighted by dotted
orange lines. Structure models are overlaid, and one of the oxygen sites is high-
lighted with yellow-dotted circles or arrows. Scale bar: 1 nm. ¢ Simulated OBF STEM
images of each phase observed in (b) with overlaid structure models, where green
and red spheres represent Zr and O sites, respectively. The half-red and half-white
spheres indicate the O sites with a half occupancy. d OBF STEM image of another
tetragonal grain obtained under the initial lower probe current (15 pA). Scale bar:

1nm. e Time-series of OBF STEM images, probing the 90-degree polarisation
switching. Frame rate and probe current illumination are the same as (b) and each
frame is cropped from the area highlighted in (d). The polarisation directions are
indicated by coloured arrows. Schematics of atomic structures are also shown for
each frame, corresponding to the area featured in (e). Scale bar: 1 nm. f Schematic
of the structure evolution for 180- and 90-degree switching, which is divided into
initial, intermediate, and final structures, showing the different intermediate pha-
ses. Grey boxes indicate cation sublattices of the orthorhombic and tetragonal
phases. Coloured dots and arrows specify the displaced oxygen sites and their
polarisation direction. Nonpolar oxygen sites are denoted with grey dots, which
indicate the nonpolar phase with oxygen sites centred in the cation lattice (e.g.,

tetragonal phase and nonpolar spacer layer in orthorhombic phase) and the non-
polar O’ phase observed in (b).
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Fig. 4 | Observation of non-reversible phase transition and polarisation
switching in an HZO membrane. a OBF STEM image of a tetragonal grain in the
HZO membrane. b OBF STEM image of the polar orthorhombic phase observed in
the same grain as (a) just after increasing the probe current into 100 pA.
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in (a, b), respectively. Polarisation directions are indicated by coloured arrows.

e OBF STEM image cropped from the same area as (c, d) after 213 s electron illu-
mination with the 100 pA probe current. Scale bars: 1 nm.

centre, and then shift perpendicularly to the other side, indicating that
the 90-degree switching occurs via the nonpolar oxygen-centred
tetragonal phase.

From these results, our OBF STEM observations show that the
oxygen site behaves differently between the 180- and 90-degree
domain switching via distinct nonpolar intermediate states, as shown
schematically in Fig. 3f. In the case of 180-degree switching, several
oxygen sites collectively cross the cation lattice plane and form the
nonpolar intermediate phase which extends across a few nanometres.
In contrast, in the case of the 90-degree switching, each oxygen site is
confined and moves locally within the individual cation sublattice.

Effect of different cation species

We observed the polarisation switching pathways in the pure ZrO,
membrane in the previous sections. In addition to the ZrO,, ferro-
electric fluorite oxides with other cation species are of significant

interest because the other cation species may modify the ferroelectric
properties™*°, with the potential to engineer advanced ferroelectric
devices. Here we compare ZrO, with a HZO membrane, which is a well-
known and promising ferroelectric material. In this material, the Hf and
Zr are occupying cation sites, which can be considered as a binary of
ZrO, and HfO,, exhibiting robust ferroelectricity with a stable
orthorhombic phase*.
We first obtained an OBF STEM image of a tetragonal grain in the
HZO membrane with a lower probe current of 15 pA, which is shown in
Fig. 4a. As well as the ZrO, membrane, the oxygen sites are located at the
centre of the cation lattice, showing the nonpolar structure. We then
repeated the higher probe current experiments using the same
approach and experimental conditions used for the ZrO, membrane.
However, after increasing the probe current to 100 pA, the tetragonal
grain immediately changed into the polar orthorhombic phase with just
a single scan (denoted as Osecond). Furthermore, unlike the ZrO,
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Fig. 5 | DFT-calculated energy landscapes of phase transition and polarisation
switching in ZrO, and HfO,. a Energy diagrams of O > T phase transition, 180-
degree polarisation switching, and 90-degree polarisation switching in ZrO, and
HfO,. Two types of pathways are calculated for 180-degree switching, namely cross-

type and inner-type. b Schematic diagram showing the possible transition pathways
between nonpolar tetragonal phase and polar orthorhombic phases along four
different polarisation directions. The dotted arrows in HfO, indicate the possible
but relatively rare pathway.

membrane, the orthorhombic phase did not change back to the tetra-
gonal phase, nor was 180-degree polarisation switching observed even
after more than 200s of irradiation with 100 pA probe current. At
213 seconds, we observed a 180-degree switching of just a single atomic
layer. However, phase transitions back to the tetragonal phase and 90-
degree switching were not observed. This result indicates that the
reversible nature of the phase transition between nonpolar tetragonal
and polar orthorhombic phases is absent in the HZO membrane (at least
under this illumination condition). In terms of the polarisation switching,
the 180-degree type can still occur but even this is rare compared with
the pure ZrO, membrane, and the 90-degree switching and the phase
transition to tetragonal phase did not occur at all. This switching prop-
erty was consistent over multiple grains as discussed in Supplementary
Note 8, showing the robustness of the ferroelectric phase in HZO.

In addition to the HZO, we also performed observations of a
Y-doped HfO, (Hf(.95Y0.0702; HYO) membrane. To a tetragonal grain in
the HYO specimen, we illuminated with electron beams following the
same procedure as the ZrO, and HZO. However, despite a much longer
exposure time of 810 s with the 100 pA beam current, the tetragonal
phase did not show a phase transition, nor did it change with a beam
current of 200 pA, as described in Supplementary Note 9. This
demonstrates a higher phase stability of the tetragonal phase in HYO
compared with ZrO, and HZO.

Energetic landscape of structural transitions
Transition between nonpolar tetragonal and polar
orthorhombic phases. To clarify the different structural behaviour of

the two membranes, ZrO, and HZO, under electron irradiation, we
performed density functional theory (DFT) calculations. As sum-
marised in Fig. 5a and Table 1, we calculated the relative energy of the
tetragonal phase with respect to the orthorhombic phase in ZrO, and
HfO,, and the energy barrier to polarisation switching and phase
transitions in both materials. It is technically difficult to evaluate the
energy landscape of HZO with DFT calculations due to the likely ran-
dom arrangement of Hf and Zr on the cation site and the periodicity
constraints of the calculation. Hence, we calculated energies for pure
Zr0, and HfO, to obtain insights into HZO, which can be considered as
amixture of ZrO, and HfO,". As shown in Fig. 5b, we also schematically
summarise the transition/switching pathways accessible in the ZrO,
and HfO, membranes by indicating which path can be triggered in
each material as per the following discussion. As shown in Table 1, the
relative energy of the tetragonal phase with respect to the orthor-
hombic phase of HfO, is higher than that of ZrO,, indicating that the
tetragonal phase is more unstable in HfO,. As shown in Fig. 5a and
Table 1, whereas the energy barrier of the phase transition from tet-
ragonal to orthorhombic is comparable between ZrO, and HfO,, the
barrier from orthorhombic to tetragonal shows a much higher value
for HfO, than for ZrO,. These results agree well with the experimental
OBF STEM observations: the phase transition between these two
phases was observed to be reversible in ZrO, but irreversible in HZO,
that is, in HZO the tetragonal phase can transition to the orthorhombic
phase but not vice versa. The difference in the phase stability is also
manifested by the distinct lattice-strain distributions of ZrO, and HZO
as discussed in the Supplementary Note 2. This result corresponds to
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Table 1| DFT-calculated energy barriers of phase transition
and polarisation switching in ZrO, and HfO,

Energy (eV)

ZrO, HfO,
Relative energy of T phase  0.11 0.30
w.r.t. O phase
T- O phase transition 0.14 0.19
barrier
O~ T phase transition 0.25 0.49
barrier
180-degree switching 0.18 (inner) 0.34 (inner)
barrier 0.82 (cross) 0.97 (cross)
90-degree switching 0.37 0.59

barrier

Relative energy of T phase to O phase, energy barrier of 180-/90-degree polarisation switching
and O > T/T - O phase transition in ZrO, and HfO, evaluated by NEB method in DFT calculations.

our previous findings that the HZO membrane with a 5nm thickness
mostly has orthorhombic grains while the ZrO, membrane mainly has
tetragonal grains, even though both films have approximately the
same thickness™™*.

While a polar-nonpolar phase transition between the tetragonal
and orthorhombic phases is investigated in the present study, a phase
transition from the orthorhombic to a nonpolar monoclinic phase has
been reported in the ZrO, during electron irradiation in the
literature®. In that case, a lattice-deformation process and ferroelas-
ticity play a critical role in attaining the reversible polar-nonpolar
phase transition. It is also observed that the monoclinic structure in the
HfO, can have a polarised structure in the presence of twin defects
without breaking centrosymmetry*.

180-degree polarisation switching. For the 180-degree polarisation
switching, we observed that the oxygen sites shifted by crossing the
cation lattice planes. In the literature describing DFT calculations, two
mechanisms are suggested for the 180-degree switching, namely the
crossing pathway and the inner pathway*. We therefore also calcu-
lated the energy diagram of these two paths using the nudged elastic
band (NEB) method, which is able to evaluate the ferroelectric transi-
tion pathway*. In the crossing pathway, the oxygen sites cross
between the cation atoms in the (100) and (200) cation lattice planes.
Whereas in the inner pathway, the oxygen sites pass through the centre
of the cation lattice. From the energy diagram and barrier of the two
180-degree switching mechanisms shown in Fig. 5a, though the mini-
mum energy levels in the middle (50%) of switching paths are com-
parable for both types, the energy barrier of the crossing pathway is
much higher than that of the inner pathway in both ZrO, and HfO,. Our
calculations are based on the bulk model, where the calculated
structure is periodic and atomic shifting occurs everywhere simulta-
neously in the bulk. On the other hand, calculations in the literature
using the domain wall model, where the large atomic cell is prepared
and polarisation switching occurs locally within a single atomic layer,
show that the crossing pathway has a lower energy barrier than that for
the bulk model***. It can be said that the energy barrier can be lowered
by taking an aperiodic structure locally around the domain wall to
initiate the polarisation switching.

In our bulk-model based calculations, we also made a comparison
between the two crossing-type pathways with and without a symmetry
constraint, as shown in Suppl Figure S6, where the one without sym-
metry has been employed for Table 1. In the presence of a symmetry
constraint, the two oxygen sites, which are visible along the projection
direction along [001] in the polarised layer, pass through the cation
lattice at the same time, whereas without the symmetry constraint, the
oxygen sites pass through one-by-one as seen in the NEB calculation.

This indicates that the transient structures during the switching can
relax by taking lower-symmetry structures, particularly regarding
switching oxygen sites. According to the above discussion, the
experimentally observed 180-degree switching shown in Fig. 3b can be
interpreted as follows; the oxygen sites passed through the cation
lattice one-by-one to lower the energy barrier and this oxygen con-
figuration may be non-uniform along the [001] (film thickness) direc-
tion as the oxygen sites are distributed in a disordered manner in the
nonpolar Pbcm structure®®, making the depth-projected oxygen sites
look similar to the O’ phase with half-occupied oxygen sites as shown
in Fig. 3c. It is noted that there is likely to be native oxygen vacancies in
the specimen observed in our study. Recent quantitative analysis via
multislice electron ptychography reported that the oxygen sites near
the 180-degree domain wall in ferroelectric ZrO, may have a non-
stoichiometric (i.e., excess or deficient) occupancy to compensate for
bound polarisation charges at the domain wall*’, suggesting that the
switching and domain wall propagation can promote a migration of
oxygen ions.

90-degree polarisation switching. For the 90-degree polarisation
switching in ZrO,, the energy barrier and whole energy diagram show
higher values than those of the O~ T transition, indicating that the
direct 90-degree switching is not energetically preferred and this
switching occurs via the O > T transition as observed in the OBF STEM
experiment (Fig. 3e), which is also consistent with the STEM observa-
tion and DFT calculation in the literature*. In the presence of Hf, 180-
degree switching has a higher energy barrier than that of ZrO, for both
inner- and cross-types as shown in Fig. 5 and Table 1. Moreover, 90-
degree switching also has a higher barrier as well as the O > T phase
transition, which makes the 90-degree switching less favourable even
via the tetragonal phase in HfO,. These DFT results are consistent with
the experimental results which show that the HZO membrane has less
frequent 180-degree switching than that in ZrO,, and the 90-degree
switching was not observed at all.

Effect of different cations in fluorite ferroelectrics. Our results
indicate that different cation species and/or dopants may substantially
affect the switching behaviour and stability of the ferroelectric phases
in fluorite oxide materials. In the case of (H)ZO, DFT calculations
suggest that the ionic radius of Hf and Zr cations, and the bonding
between them and oxygen, may be an important factor: Hf (76 pm) has
a smaller ionic radius than Zr (78 pm)*, resulting in smaller lattice
constants of HfO, compared with ZrO,*, which is also confirmed in
our DFT calculations (Supplementary Table S1). In addition, it is eval-
uated that the Hf-O bonding is stronger than that of Zr-O by the dif-
ference of their cohesive energy*®, whereby the oxygen sites are less
constrained by a softer bonding within a larger cation lattice in ZrO,
compared with HfO,, making it easier for oxygen ions to shift when
switching in ZrO,®. In the same way, other species of dopant such as Si,
Y, and La at cation sites may also alter the stability of each phase and
corresponding switching behaviour as the switching barrier is engi-
neered by the strength of chemical bonds in molecular-type
ferroelectrics™.

In the case of Y doping, for example, we have observed that a
tetragonal phase is very stable and the switching events are not trig-
gered despite applying significantly higher beam currents for a longer
time than for the ZrO, and HZO, as shown in Figure S14. This is a
significant difference when compared with the reversible phase tran-
sition between tetragonal and orthorhombic phases observed in ZrO,
and the irreversible and immediate phase transition from tetragonal to
orthorhombic phases observed in HZO. When comparing the beha-
viour of HYO, ZO and HZO, we must consider the cation valency.
Whereas Hf*" and Zr*" ions are both tetravalent, Y*" is a trivalent cation
and is accompanied with an oxygen vacancy when doped into HfO, or
ZrO,. In the field of structural materials that need better hardness
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properties, it is well known that Y-doping and resulting oxygen
vacancies stabilise the high-temperature phases such as tetragonal and
cubic structures in the fluorite ceramics™. On the other hand, it has also
been reported that the charged oxygen defects stabilise not only these
nonpolar phases™ but also the ferroelectric orthorhombic phase™*.
Which crystalline phase can be stabilised sensitively depends on the
concentration of the dopant and oxygen vacancies***>*, where the
available dopant concentration window is much narrower than that in
the HZO". It is also noted that acceptor-donor co-doping via trivalent
and pentavalent cations (such as La** and Ta*) is also reported to be
able to balance robustness of the ferroelectricity and the switching
speed”’. Our experimental result regarding the HYO specimen, which
are quite different from ZrO, and HZO, suggests that the valency and
oxygen vacancy also play a crucial role in modifying the accessible
phase and dynamics.

Our results highlight the pivotal role of the cation species in
tuning the hardness of ferroelectricity in fluorite oxides, whereby
targeted doping and/or cationic composition may realise a more
desirable (e.g., more energy-efficient yet durable) switching response
critical for next-generation ferroelectric devices.

Discussion

Using the OBF STEM technique, we observed directly the evolution of
atomic structures during electron illumination in nanometre-thick
Zr0; and Hfy 5Zro 50, (HZO) freestanding membranes, revealing at the
atomic level the dynamics of polar-nonpolar phase transitions and
polarisation switching. Importantly, we find this to be cation depen-
dent. In the ZrO, membrane, it was observed that the nonpolar tetra-
gonal phase can be reversibly transformed into the polar
orthorhombic phase, where the time-series OBF STEM datasets
allowed us to visualise reversible 180- and 90-degree polarisation
switching. Furthermore, we clarified the detailed switching pathways
by combining higher-speed scanning with OBF STEM: 180-degree
polarisation switching occurs via a nonpolar orthorhombic domain
wall, while 90-degree switching is facilitated by the nonpolar tetra-
gonal phase, where the dynamic displacement of the oxygen site plays
a critical role. Applying the same observation scheme to a Hf sZr( 50,
(HZO) membrane and complementing the experiments with density
functional theory (DFT) calculations, it was revealed that the presence
of Hf cation impacts the stability of polar/nonpolar phases and the
energy barriers to the phase transition and polarisation switching—
rendering the polar orthorhombic phase more energetically favour-
able in HZO because of the presence of Hf. We note that the tetragonal-
phase-mediated 90-degree polarisation switching has been reported in
aprevious STEM study of ZrO,*. In the present work, together with the
90-degree polarisation switching, we also reveal dynamic 180-degree
polarisation switching. Moreover, we uncover the distinct inter-
mediate atomic structures involved in the 180- and 90-degree
switching transitions and show how they differ, both structurally and
energetically, at the atomic scale. We demonstrate qualitative control
over the frequency and prevalence of these transitions by adjusting
electron dose. Furthermore, we show this can be controlled by varying
spatial and temporal application of the electron beam and hence the
electric field. This suggests avenues for manipulating switching beha-
viour by atomic-scale application of electric fields. Importantly, we also
show how different cation compositions affect the strain associated
with the different phases and the probability of these transitions
occurring, providing broad insights into the atomic-level mechanisms
controlling the behaviour of fluorite ferroelectrics and opening path-
ways for compositional engineering of the switching behaviour. These
findings provide fundamental insights into the atomic scale pathways
of polarisation dynamics and phase transition phenomena in ferro-
electric fluorite-type materials and the role of the cation, thereby
enhancing their potential for advanced ferroelectric device
applications.

Methods

Fabrication of freestanding (H)ZO membranes

For the (H)ZO membrane fabrication, we firstly obtained an epitaxially
grown (H)ZO/Lag 7Sro3Mn0O5; (LSMO)/SrTiO5 (STO) (001) thin film, at
which the (H)ZO and LSMO films are fabricated on an STO (001) sub-
strate by the pulsed laser deposition (PLD) method with the Coherent
COMPex Pro 205 KrF excimer laser (wavelength was 248 nm). The
LSMO layer was first deposited at 650-700 °C under an oxygen partial
pressure of 100 mTorr. During the deposition, the LSMO ceramic
target was ablated with a laser density of 1.2 J/cm? and at a repetition
frequency of 5Hz. (H)ZO film was subsequently deposited on the
LSMO layer without breaking the vacuum of the PLD chamber. The (H)
Z0 layer was deposited at 800 °C and under an oxygen partial pressure
of 75 mTorr, where the target was pulsed with a laser density of 1.4 )/
cm? at 2 Hz. After the deposition, the specimen was cooled down to
room temperature under an oxygen partial pressure of 75 mTorr. The
thickness of (H)ZO layer was evaluated by X-ray reflectivity (XRR)
measurements. The freestanding (H)ZO membrane was obtained by
etching the LSMO layer in 5 wt.% hydrochloric acid (HCI) and solution
with 0.05M potassium iodide (KI). After the etching and exfoliation,
the membranes were transferred onto the TEM grids, which have a
holey carbon supporting film. We fabricated freestanding five- and ten-
nanometre-thick ZrO, membranes and five-nanometre-thick HZO
membrane, respectively, where the detailed fabrication process can be
found elsewhere™*.

Atomic-resolution structure analysis of (H)ZO membranes
Atomic-resolution STEM datasets were acquired using a Thermo Fisher
Scientific Spectra ¢ FEG TEM equipped with a monochromator and
probe and image aberration correctors. Allimages were collected at an
accelerating voltage of 300 kV and probe forming semi-angle of 25
mrad. During the experimental observation, the probe current was
adjusted by changing the focus of the monochromator, which is per-
formed by a lens underneath the electron gun and can modulate the
flux of electrons going through the optical system with all other
parameters staying the same. For the OBF STEM imaging, we acquired
four quadrant segmented detector datasets using the Panther detector
and then reconstructed OBF images via an algorithm that can be
referred to in the literature?*. The ADF images were obtained with an
ADF detector simultaneously with the Panther detector datasets. The
camera length was set to be 115 mm, resulting in a collection angle of
11-43 mrad for the Panther detector and 48-200 mrad for the ADF
detector. A second order Butterworth low-pass filter’® was applied to
the experimental OBF and ADF images. For the OBF STEM image
simulation, firstly the quadrant segmented detector images were cal-
culated by the MuSTEM package*’, being subsequently reconstructed
into the OBF image via the same procedure as the experiments. The
MuSTEM calculation is based on the multislice algorithm, where the
full dynamical scattering effect is incorporated. The crystalline struc-
tures used in the image simulation were referred to from the DFT-
relaxed crystalline structure files used in our present study (tetragonal
and polar orthorhombic phases) and from the literature (anti-polar
orthorhombic phase)°.

DFT calculation

The DFT calculations were performed to optimise the crystal struc-
tures and investigate the energy landscape using the projector
augmented-wave (PAW) method implemented in the VASP code. The
exchange-correlation term was treated with GGA-PBE. For the PAW
potentials, 2 s and 2p electrons for O, 4 s, 4p, 4 d, and 5 s electrons for
Zr, and 5p, 5d, and 65 electrons for Hf were explicitly treated as
valence electrons. The plane-wave cutoff energy was set to 550 eV.
Integration in reciprocal space was performed with a grid spacing of
0.3 A™. Structure optimisation was conducted until all residual forces
acting on each atom were less than 0.01eV/A. The energy barriers of
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phase transitions were calculated using the nudged elastic band (NEB)
method with five images between initial and final states, where the
intermediate structures may be biased according to the symmetry of
the initial and final ones. For the calculation without symmetry con-
straint, all atoms in the intermediate structures were displaced by O to
0.1A in random directions to reduce the symmetry to P1 before per-
forming the structure optimisation, which can mitigate the bias to the
intermediate states.

Data availability
The experimental STEM data presented in this study have been
deposited in Zenodo (https://doi.org/10.5281/zenod0.18686323).
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Many eukaryotic viruses, including amoeba-infecting mimiviruses, have

codon usage that deviates from their hosts. However, codon usage patterns
that align with the cellular tRNA pool enable efficient translation. How
these viruses cope with the mismatch between tRNA supply and demand is
unclear. Here we show that Acanthamoeba polyphaga mimivirus (APMV)
generates asubcellular area to translate viralmRNAs. tRNA sequencing
showed that the tRNA pool was not substantially altered during the
infection, even though the virus encodes tRNA genes. Using in situ labelling,
we found that viral mRNAs and newly synthesized proteins were localized in
the periphery of the viral factory, suggesting that APMV creates a discrete
subcellular environment to facilitate translation. Frequently used codons
inviral mRNAs had higher tRNA accessibility than the same type of codons
inamoeba mRNAs. Our data show how local translation assists the virus in
overcoming the mismatch between tRNA supply and demand.

Codonusageingenesis uniquein each genome. Even for synonymous
codons that encode the same amino acid, the codon usage frequency
varies. Preferentially used codons are associated with high tRNA copy
numbers in fast-growing microorganisms such as Escherichia coli'.
Recentstudies highlighted the importance of synonymous codon usage
in mRNA stability*’. Therefore, the concordance of tRNA supply and
demand is crucial for ensuring efficient gene expression.
Giantviruses are characterized by huge genomes, alarge number
of genes for reprogramming host cell metabolism and large virions*”.
Infection by giant viruses induces arapid shiftin the host cell transcrip-
tome, characterized by large occupancy of viral mRNAs®'°. However,
the codon usage of some giant viruses is poorly adapted to the tRNA
pool of the host'""%. For example, APMV—the first virus isolate of family

Mimiviridae—has an AT-richgenome (G+C content of 28%), whereas the
genome of its host Acanthamoeba castellaniiis GC-rich (G+C content
58%)">*. Consequently, the APMV codon usage varies extensively from
the codon usage of A. castellanii™. This raises the question of whether
translation of APMV mRNAs is negatively impacted by the codon usage
or whether APMV alleviates the unfavourable translation condition
duringinfection.

Several observations and hypotheses have been made related to
the codon usage discrepancy. Genomic analysis found that members
of the Mimiviridae encode more translation-related genes, including
translation factors, tRNAs and aminoacyl-tRNA synthetases*”, than
other clades of giant viruses. A transcriptomic study reported that the
late-expressed genes of APMV exhibit a slight adaptation to the host

'Bioinformatics Center, Institute for Chemical Research, Kyoto University, Uji, Japan. 2Centre for Microbiology and Environmental Systems Science,
Division of Microbial Ecology, University of Vienna, Vienna, Austria. RNA Systems Biochemistry Laboratory, Pioneering Research Institute, RIKEN,
Wako, Japan. “Department of RNA Biochemistry, Institute of Medicine, University of Tsukuba, Tsukuba, Japan. °Department of Computational Biology
and Medical Sciences, Graduate School of Frontier Sciences, The University of Tokyo, Kashiwa, Japan. ®Present address: Research Center for Biosafety,
Laboratory Animal and Pathogen Bank, National Institute of Infectious Diseases, Japan Institute for Health Security, Shinjuku, Japan. "These authors

contributed equally: Ruixuan Zhang, Lotte Mayer.

e-mail: shintaro.iwasaki@riken.jp; ogata@kuicr.kyoto-u.ac.jp

Nature Microbiology | Volume 11| February 2026 | 584-596

584

—159—



Article

https://doi.org/10.1038/s41564-025-02234-x

a 4 b
Ribo-seq
> ¢® -
Infection ( ® S
APMV g%
RNA-seq 50
g <
A wellanii 0,2, 4 ~— [
. casteltanii
(amoeba) and 8h mim-tRNA-seq
d RNA-seq
6 1 *kkk *kkk Kkkk
j) ' r—\
g 10 11 1 i Ty !
L | i i
FRESEY BEN RN
x| o I ' | | |
= 0 '
26 4 *kkk *kkk Kkkk
R —_ EERE
e .
® 2 44 91 %l 1, i ]
i) | i i
jotlsmite]le
g ol |7 = |=
[o] 2 4 8
Time (h.p.i.)
Amoeba n=10,575
APMV n = 955
f Amoeba g APMV
RNA-seq Ribo-seq RNA-seq
feel %
n=2172 = Cluster 1
] n =432
Cluster 2
n=3,358
i =
n=1,761
T
Cluster 4 Cluster 3
n=3284 = 295

Fig.1| Globalimpacts of APMV infection on RNA abundance and translation.
a, Schematic diagram of the experimental design. Cells were infected with APMV
for 0 (mock infection), 2, 4 or 8 hand used for RNA-seq, Ribo-seq and mim-tRNA-
seq.b,c, Fraction of reads that aligned to indicated genomes by RNA-seq (b) and
Ribo-seq (c) analyses at different infection stages. d,e, Box plots of transcripts
per kilobase million (TPM) for amoeba and APMV mRNAs in the RNA-seq (d) and
Ribo-seq (e) data. f,g, Heat maps of the Z-score normalized TPMin the RNA-seq
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and Ribo-seq data for amoeba (f) and APMV (g) mRNAs at different infection
stages. Colour scales indicate the Z-scores. h, Box plots of translation efficiency
(TE) ofamoeba and APMV mRNAs at different infection stages. In all box plots,
the median (centre line), upper/lower quartiles (box limits), 1.5x interquartile
range (whiskers) and outliers (points) are shown. The Pvalues were calculated
using one-sided Wilcoxon rank sum test. NS, not significant; *P < 0.05; **P < 0.01;
**P<0.001;***P<0.0001.

tRNA pool". These findings suggest that translation-related fitness
has shaped viral genes and genome evolution. However, the actual
translation dynamics in infected cells have never been explored so
far.Moreover, APMV forms an organelle-like structure known as aviral
factory uponinfection for viral DNA replication and transcription''¢,
Ribosomes and some translation factors have been observed to local-
ize around the viral factory”'®. How this spatial organization within
infected cells relates to the observed patterns of genome evolution
is stillunknown.

To characterize the translation landscape of mimiviruses, we moni-
tored changesin the transcriptome, tRNAs and translatome during viral
infection by RNA sequencing (RNA-seq), optimized tRNA-seq'’ and ribo-
some profiling (Ribo-seq)***'. Ribo-seq captures ribosome-protected
fragments of mRNA, so-called ‘ribosome footprints’, generated by

RNase treatment, enabling high-resolution measurements of trans-
lation dynamics. Our results indicate that the overall composition
of the global tRNA pool was not significantly altered during APMV
infection, with limited contribution of tRNAs encoded in the viral
genome. At the early infection stage, the translation efficiency of the
viralmRNAs was comparable to that of the host mRNAs despite using
rare codons. Evenat the later infection stages, the rare codons did not
cause the ribosome to pause on viral mRNAs; rather, the accessibility
to tRNAs for codons ending with A or U was different between viral
and host mRNAs. The microscopic analysis using fluorescence in situ
hybridization (FISH) and fluorescent non-canonical amino acid tag-
ging (FUNCAT)? showed that the spatial organization within infected
cells indicated co-localization of viral mRNAs, host ribosomal RNAs
and newly synthesized proteins around the viral factory. Our results
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suggest that APMV created a subcellular heterogeneity for efficient
translation of the viral genes.

Results

Imbalance of codon usage between APMV and the amoeba host
We characterized the dissimilarity in codon usage between APMV
and the host A. castellanii (hereafter referred to as amoeba). Con-
sistent with previous genome analyses™", the host and viral genes
had distinct G+C content (Extended Data Fig. 1a) and codon usage
(Extended Data Fig. 1b). APMV mRNAs predominantly use AU-rich
codons, such as AAA, AAU and AUU, whereas AU-rich codons were
much less common in amoeba mRNAs. The tRNA gene copy number
of amoeba was positively correlated with the amoeba codon usage
(Extended Data Fig. 1c), whereas it showed no such correlation with
the APMV codon usage (Extended Data Fig. 1d).

Impact of APMYV infection on RNA abundance and translation
To investigate the dynamics of transcription and translation of viral
and host genes, we performed RNA-seq and Ribo-seqin APMV-infected
amoeba cells at 0, 2, 4 and 8 h post-infection (h.p.i.) (Fig. 1a and
Supplementary Table1). We avoided pre-treatment with cycloheximide
inthe media, asit may inducebias through aberrant ribosome pausingin
acontext-dependent manner”, Instead, the post-lysis approach (that
is, cycloheximide in celllysis buffer), whichis a current standard* %, was
used. Consistentwithanearlierreport®, the footprintsshowed twolength
peaksat21-22and 29-30 nucleotides (nt) (Extended DataFig. 2a,b). The
footprint counts along genes showed a clear 3 nt periodicity for both
long (29-30 nt) (Extended Data Fig. 2c-f) and short (21-22 nt) foot-
prints (Extended Data Fig. 2g-j). Discrete Fourier transform analysis
further ensured the periodicity (Extended Data Fig. 3a). Our data had
high reproducibility for read mapping for both the host and viral genes
(Extended Data Fig.3b-e). These featuresindicate the robust detection
of footprints generated by ribosomes translating mRNAs for both host
and virus.

The RNA-seq reads from viral mRNAs increased incrementally
along with the viral infection time and were dominant at the late time
points (up to approximately 62% and 85% for each replicate at 8 h.p.i.)
(Fig. 1b). Footprints from viral mRNAs also increased and occupied a
large proportion of the library at 8 h.p.i. (approximately 40% and 81%
for each replicate) (Fig. 1c). We also observed a general increase of
short footprints during virus infection (Extended Data Fig. 3f,g; see
Methods for definition).

The average expression levels of viral mRNAs were higher than
those of amoeba mRNAs at all time points (Fig. 1d). The expression
levels of individual viral mRNAs increased gradually, whereas those
of host mRNAs decreased throughout infection (Fig. 1d). Transla-
tion activity, evaluated by Ribo-seq, followed the same trends as that
obtained by RNA-seq (Fig. 1e).

The host genes were classified into four clusters based on their
mRNA levels from RNA-seq (Fig. 1f). To characterize the functions of
genes in each cluster, we selected host genes that had high variance
in their expression and performed a functional enrichment anal-
ysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(Extended Data Fig. 3h and Supplementary Table 2). Genes in cluster
1, which showed an expression shutdown by 2 h.p.i., were enriched
in energy metabolism, amino acid metabolism and motor proteins.
Ribosomal genes had various expression patterns and were enriched
in clusters 1, 3 and 4. tRNA and protein processing functions were
enriched in clusters 2 and 3. Viral mRNAs were classified into three
expression clusters (Fig. 1g), which largely correspond to the early,
intermediate and late genes reported previously®. The translation
levels of host and viral mRNAs in individual clusters showed dynam-
ics consistent with the transcription patterns, suggesting that the
abundance of mRNAs is a major determinant of the level of transla-
tion (Fig. 1f, g).

To assess the density of ribosomes on mRNAs, we calculated the
translation efficiency as the ratio of the amounts of footprints to the
amounts of mMRNAs. At 0 and 2 h.p.i., the median translation efficiency
values were 0.991 and 0.992 for host mRNAs, respectively, and 0.935
(2 h.p.i.) for viralmRNAs, indicating no significant difference between
the translation efficiency of host and viral mRNAs (Fig. 1h). However,
viral translation efficiency dropped and was significantly lower than
thatof host translation efficiency at later time points; at4 and 8 h.p.i.,
the median translation efficiency values were 0.989 and 1.010 for host
mRNAs, and 0.956 and 0.468 for viralmRNAs (Fig. 1h). This result sug-
geststhathost mRNAs were twice as likely to bind to ribosomes as viral
mRNAsat 8 h.p.i., indicating the reduced accessibility to ribosomes for
viralmRNAs at later time points.

Translation of viral mRNAs is not associated with ribosome
pausing

Given the deviated codon usage of APMV mRNAs, we investigated
whether the rare codons on viralmRNAs hampered virus mRNA transla-
tion. As APMV genes are biased to codons ending with A or U (hereafter
AU3 codons) and host genes are biased to codons ending with G or C
(hereafter GC3 codons) (Extended Data Fig. 1a), we investigated the
translation elongation speed on codons from viral and host mRNAs by
calculating the A-site ribosome occupancy. No significant difference
was found in ribosome occupancy at the A-site between AU3 and GC3
codons for amoeba (Fig. 2a), and this balanced elongation was main-
tained in viralmRNAs (Fig. 2b).

Next, we focused on individual codon positions to determine
whether ribosomes tended to pause on either viral or host mRNAs.
Codon positions with relatively high ribosome occupancy were defined
as pause sites (Fig. 2c and Methods). We found that viral mRNAs had
alower tendency of ribosome pausing than host mRNAs did (Fig. 2d),
indicating that ribosome traversal on viral mRNAs was smooth, even
with the obvious codon usage conflict (Extended DataFig.1). This result
is robust under different cut-offs for putative pausing site prediction
(Extended DataFig. 4a).

The tRNA pool was stable during viral infection

Because APMV encodes tRNA genes (three Leu (two TTAs, one
TTG), Trp (TGG), Cys (TGC) and His (CAC))", we hypothesized that
alteration of the cellular tRNA pool facilitated ribosome traversal
along viral mRNAs. To assess the abundance of tRNA species, we
applied modification-induced misincorporation tRNA sequencing
(mim-tRNA-seq)”. Astested in an earlier study”, we also evaluated the
salt concentration, pH, temperature and reverse transcription enzymes
for optimal cDNA synthesis (Extended Data Fig. 5a,b). Ultimately, we
selected the most efficient condition (with the thermostable group
Ilintron reverse transcriptase, TGIRT-III, at 49 °C for 16 h) for down-
stream tRNA-seq. The tRNA supply (W-score; see Methods) showed a
significant negative correlation with ribosome occupancy on codons
ingrowing amoeba (Extended Data Fig. 5c), further ensuring that our
Ribo-seqreflects ribosome traversal speed in cells.

The mim-tRNA-seq showed that the expression of tRNAs encoded
intheamoebagenome remained ata highlevel (>87%ineverylibrary),
whereas the expression of the six tRNAs encoded by APMV was only
1.8%, even at the late infection stage (8 h.p.i.) (Fig. 3a), suggesting
that the contribution of viral tRNA to the cellular tRNA pool may
be limited. In addition, the codons decoded by the APMV-encoded
tRNAs did not show significantly different ribosome occupancy
(thatis, elongation speed) compared to other codons in viral mMRNAs
(Extended DataFig. 6a).

Toinvestigate whether the virus infection altered the tRNA pool
composition to favour viral mRNA translation, we calculated the pro-
portionofeachtRNAtypeinthe tRNA pool (includingamoebanuclear
and APMV tRNAs). We used W-score to quantify the tRNA supply level.
For a given codon type, W-score was calculated by summing the
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Fig.2|Smoothribosome traversal on APMV mRNAs. a,b, Box plots of ribosome
occupancy on AU3 and GC3 codons in amoeba (a) and APMV (b) mRNAs at
differentinfection stages. AU3, codons ending with A or U; GC3, codons ending
with Gor C. ¢, Distribution of ribosome footprints along the open reading frames
of MIMI-gp0741 (locus tag of an APMV gene) in the APMV genome for replicate
lat2 h.p.i. The A-site position of the ribosomes is shown. The first four codons

and stop codons were notincluded and are not plotted. The grey horizontal line
(Threshold) indicates the cut-off of pausing (mean + two standard deviations
(2s.d.)). Pause sites are shown in pink. d, Box plots of the fraction of paused
codons per gene in the amoeba and APMV genomes at different infection stages.
Box plots asin Fig. 1. The Pvalues were calculated using one-sided Wilcoxon rank
sum test. *P<0.05;**P < 0.01;**P< 0.001; ***P< 0.0001.

proportions of cognate and wobble-paired tRNAs (see Methods)*.
Essentially, W-scores were stable during the APMV infection;
high correlation of the W-scores was observed between time
points (Fig. 3b). In naive amoeba (that is, O h.p.i.), the W-scores
were higher for GC3 than they were for AU3 codons (Fig. 3¢ and
Extended Data Table 1). This finding corresponds with codon
usage in the amoeba genome, which is biased to GC3 codons
(Extended DataFig.1) and probably contributed to the smooth elon-
gation of GC3 codons (Fig. 2a) with no shortage of tRNA supply.
The high tRNA supply for GC3 codons was maintained throughout
the infection, indicating that viral infection did not largely change
the composition of the global tRNA pool.

To quantitatively assess theimbalance of tRNA supply and demand
during APMV infection, we calculated the balance score, which bor-
rowed the idea of the normalized translation efficiency index®. In
brief, we calculated the ratio between tRNA supply and codon usage,
considering the mRNA abundance (see Methods). In naive amoeba,
the AU3 codons generally had a higher balance score than the GC3
codons (Fig. 3d), indicating that tRNAs for AU3 codons are ‘excessive’
despite their concentration being lower than that for GC3 codons.
During APMV infection, the high expression of viral mRNAs led to a
decrease in the balance score for AU3 codons, whereas the balance
score for GC3increased (Fig. 3d and Extended Data Table 2). Together,
these findings indicate that the tRNA supply and demands inside the
cell seemed unsuitable for the translation of AU3-rich viral mRNAs
(Fig. 3), even though protein synthesis from viral mMRNAs was rather
smooth (Fig. 2d).

Distinct ribosome elongation environment for viralmRNAs
The conflict between tRNA supply and demand for viralmRNA transla-
tionis based on our assumption that cellular resources, such as tRNAs,
areequally available for host and viralmRNAs. Thus, our results suggest
that the translation environment for viralmRNAs was not the same as
that for host mRNAs. Consistent with this scenario, we observed dif-
ferencesintRNA accessibility inhost and viralmRNAs. Given thatlong
(29-30 nt) and short (21-22 nt) footprints represent ribosomes with
orwithout tRNA at the A-site””, we defined the short footprintratio as
the ratio of short footprints to total footprints for a given codon type
atthe A-site to represent tRNA accessibility. The short footprint ratio
was higher (thatis, lower tRNA accessibility) on AU3 codons than it was
on GC3 codons inamoeba mRNAs, irrespective of the viral infection
stage (Fig. 4a). This finding is consistent with the lower tRNA supply for
AU3 codons compared with the tRNA supply for GC3 codons (Fig. 3¢).
There was nosuch differenceinthe short footprintratio for viralmRNAs
(Fig.4b). The same results were obtained when the ratio of short foot-
printover long footprints was considered (Extended DataFig. 7a,b). The
correlationbetween viral codon occupancy and host codon occupancy
decreased at the late infection stage (8 h.p.i.) (Extended DataFig. 6a),
indicating divergencein codon-specific elongation speed between viral
and host mRNAs. These data suggest that the translation environment
of viral mRNAs differed from that of amoeba mRNAs.

To further investigate the cytosolic translation situation during
viral infection, we set out a reporter assay to monitor the effects of
AT-richand GC-rich sequencesinamoebawith or without APMV infec-
tion (Extended Data Fig. 8a). We used an established reporter system,
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Fig. 3| Stable tRNA pool during infection conflicts with translation elongation
on APMV mRNAEs. a, Fraction of reads that aligned to the indicated genomes in
the mim-tRNA-seq analysis at different infection stages. b, Correlation of tRNA
supply evaluated by W-score among the different infection stages. p, Spearman’s
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for AU3 and GC3 codons at different infection stages. Box plots as in Fig. 1. The
Pvalues were calculated using one-sided Wilcoxon rank sum test. *P < 0.05;
**P<0.01;,**P<0.001; ***P<0.0001.

which is sensitive to translation elongation effects®**. This reporter
consists of an N-terminal Renilla luciferase (Rluc) and a C-terminal
firefly luciferase (Fluc) in frame, with the open reading frame (ORF)
region of the test in the middle. Viral 2A sequences, which induce

self-cleavage of peptide bonds during translation®®, were inserted
in the middle (Extended Data Fig. 8a). The ratio of the two individual
luciferase proteins allows measurement of protein synthesis ratein the
regionbetween luciferases. Here, we investigated the effects of AT-rich
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***P<0.001;***P<0.0001.

ORF originating from TATA-box binding protein (TBP) gene of APMV
and GC-rich ORF from actin gene of amoeba (Extended Data Fig. 8a).

Consistent with genomic sequences, the GC-rich region of
the reporter resulted in a higher Fluc/Rluc ratio than the AT-rich
region, suggesting a smoother elongation for GC-rich mRNAs
(Extended DataFig. 8b). The slow elongation of the AT-rich region was
notimproved, while asmoother elongation of the GC-rich region was
maintained upon viralinfection (Extended Data Fig. 8b). These obser-
vations suggest that the cytosolic environment performs asmoother
translation of GC-richmRNAs, further supporting the requirement of
aunique environment for viral protein synthesis.

Viral mRNAs are locally translated

As ribosomes were found to localize around the viral factory%, we
hypothesized that viralmRNA translation may occurin adistinct sub-
cellular location near the viral factory. To investigate this hypothesis,
we combined 4’,6-diamidino-2-phenylindole (DAPI) staining, FISH and
FUNCAT'*” to determine the location of the viral factory, viralmRNAs,
amoeba ribosomes and newly synthesized proteins. The FUNCAT signal
was enriched around the periphery of the viral factory (Fig. 5a). Simi-
larly, FISH foramoeba rRNA showed that a sub-population of ribosomes
wasalso enrichedin this region (Fig. 5a), whichis consistent with previ-
oustomography results'®, suggesting that protein synthesis occurred
at the viral factory periphery. Moreover, this local translation milieu
contained the APMV-encoded mcp mRNAs, probed by single-molecule
mRNA fluorescence in situ hybridization (sm-mRNA FISH) (Fig. 5b).
Thus, our data suggest that APMV created a unique environment tai-
lored for viralmRNA translation at the periphery of the viral factory.

Discussion

A consonant pattern between codon usage and tRNA concentration
was thought to be important for translation*’. However, APMV has a
codon usage pattern that deviates fromits host, suggesting potential
problems in viral gene translation. The deep sequencing-based tech-
niques (RNA-seq, Ribo-seq and mim-tRNA-seq) showed that APMV
genes were smoothly translated without reduced accessibility to tRNAs
for frequently used codons. The cell biology methods (FUNCAT and
FISH) showed that viralmRNAs, host rRNA and protein synthesis were
co-localized at the periphery of the viral factory. These findings sug-
gest that APMV mitigates the codon usage conflict by creating alocal
translation milieu for its mRNAs.

ViralmRNAs dominated the mRNA pool at the late stages of infec-
tion, which is consistent with a previous study®. However, thisincrease
was not perfectly reflected in the footprint proportion (Fig. 1b,c),
leading to a decline in translation efficiency of viral mRNAs (Fig. 1h).

a DAPI Amoeba rRNA

Merge

APMV mcp mRNA Merge

Fig. 5| Local translation at the peripheral region of the viral factory during
APMV infection. a, Microscopy images for DAPI (light blue), FUNCAT (yellow)
and rRNAFISH (green) of APMV-infected amoeba cells at 12 h.p.i. b, Microscopy
images for DAPI (light blue) and sm-mRNA FISH for APMV mcp mRNA of APMV-
infected amoeba cells at 18 h.p.i. N, amoeba nucleus; VF, viral factory. Scale bars,
3 pm(a) and 8 um (b).

A low translation efficiency during viral infection has been reported
for influenza A virus and SARS-CoV-2 (refs. 37,38). It suggests that
overwhelming the host’s translation machinery through massive
mRNA synthesis might be a common strategy shared by diverse viral
taxa. Consistently, we found a general increase of A-site empty ribo-
somes, represented by short footprints along the viralinfection stages
(Extended DataFig. 3f,g), probably because of the global tRNA or amino
acid shortage.

In terms of translation dynamics and tRNA pool, we found that
APMV genes were smoothly translated without significantly altering
the tRNA composition in the host cell (Figs. 2d and 3). This unaltered
cellular tRNA pool aligns with the previous report on vaccinia virus and
influenza A virus®. One possible explanation is that AU-rich mRNAs
form fewer secondary structures than GC-rich mRNAs, facilitating
a smooth translation. However, this cannot explain the observed
higher tRNA accessibility for AU3-codons on viral mRNAs than that
onhost mRNAs (Fig. 4). These observations suggest that alocal tRNA
pool could be selectively used for viral mMRNAs. APMV may achieve
smooth translation by generating a local translation environment
within the cell.

Interms of the subcellular organization within the infected cells,
the viral factory is a unique intracellular structure that is formed by
many large DNA viruses during infection. For APMV, DNA replication
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and transcription occur in the viral factory*, whereas endoplas-

mic reticulum, ribosomes and the viral translation initiation factor
SUI1 have been observed outside the viral factory™'”'%, In this study,
we showed that viral mRNAs surrounded the viral factory (Fig. 5b),
and protein synthesis occurred in the same region (Fig. 5a). Other
translation-related proteins and tRNAs may also be recruited to the
same place, which would further increase the local concentration of
translation machineries. Other viruses might also use similar transla-
tionstrategies. For example, poxviruses, asfarviruses and iridoviruses
have been reported toinduce changesin cytoskeleton*®*, recruitment
and local enrichment of proteins** and even re-localization of orga-
nelles such as mitochondria*®**. Moreover, endoplasmic reticulum
membrane recruitment and proteinre-localization have been observed
for RNA viruses***°, indicating that subcellular remodelling is a com-
mon feature of viral infections across diverse virus families.

APMV likely uses alocal translation environment to overcome the
codon-tRNA mismatch. However, the reason for the mismatch (thatis,
AT-richgenomic feature) still needs an explanation. One hypothesis is
that the AT-rich genome arises from mutational biases due to the lack
of DNArepair genes, as proposed for many AT-rich viruses and intracel-
lular microorganisms***, However, this scenario might not apply to
APMV, which has alarge set of DNA repair genes*. Instead, our results
broughtanother possibility for the origin of the genomic feature. The
AT-richgenome might be selectively advantageous by allowing access
to the excessive tRNAs for AU3 codons at the early stage of infection
(Fig.3d). This possibility may apply to other viruses, as APMVis not the
only virus that has a deviated codon usage withits host*°~*2. In the case
of APMV, this advantage s likely to cease at later infection stages with
high viral mRNA load (Fig. 3d). The viral mRNA load at later infection
stages appears to cause a translation-associated bottleneck, which
may be alleviated through the acquisition of translation-related genes
by APMV and related viruses to build favourable translation environ-
ments. Viruses in the order /mitervirales are atypical among viruses
by encoding abundant tRNA genes and translation-related proteins
such as aminoacyl-tRNA synthetases®***. It was also noted that viral
aminoacyl-tRNA synthetases were found to be frequently associated
with AT-rich codons®*’. Similar hypotheses have been proposed for the
incorporation of tRNA genes into other viral genomes™™".

Inthis study, we proposed that the creation of asubcellular transla-
tionenvironment s a key strategy for APMV to overcome the discrep-
ancy between host and viral codon usages. Virus-induced subcellular
structures have been observed across a wide range of viruses, from
prokaryotic to eukaryotic and from RNA to DNA viruses'”***°, Although
the spatial association between these viral subcellular structures and
translation is largely unknown for other viruses, they may also forma
local environment for viralmRNA translation.

Methods

Cells and viruses

A. castellanii, strain Neff (American Type Culture Collection (ATCC),
30010) was cultured in peptone-yeast-glucose (PYG) mediumat 28 °C.
Although arecent study proposed a reclassification of this strain®, it
hasnotyetbeenrecognized by the National Center for Biotechnology
Information (NCBI). We used the original naming for consistency with
the NCBI database. APMV was used as a prototype of mimiviruses®. The
virus titre was determined by the 50% tissue culture infectious dose
(TCIDs,) assay using A. castellanii cells.

Lysate preparation

Lysate for Ribo-seq, RNA-seq and mim-tRNA-seq was prepared as
described previously®. In brief, A. castellanii cells were seeded on
10 cm plates at 3 x 10° cells per ml supplemented with 10 ml of PYG
medium. Amoeba cells were infected with APMV at a multiplicity of
infection of 10. The plates were incubated for1 h at room temperature
to allow viral absorption, then the medium was replaced with fresh

PYG medium. The medium replacement timing was setto O h.p.i.,and
APMV-infected cells were collected at 2, 4 and 8 h.p.i. For mock treat-
ment, PYG medium was used and collected at O h.p.i. Twoindependent
replicates were prepared for each time point.

Cells were treated with 100 pg ml™ cycloheximide for 1 min, then
scraped downand pelleted at 300g at 4 °C for 3 min, washed with 1 ml of
PBS containing 100 pg of cycloheximide (Sigma-Aldrich) and 100 pg of
chloramphenicol (Wako Pure Chemical Industries) and pelleted again
at300gat4 °C for2 min. The cell pellets were resuspended with 600 pl
lysis buffer (20 mM Tris pH 7.5,150 mM NaCl, 5 mM MgCl,, 1 mM dithi-
othreitol, 1% Triton X-100,100 pg ml™ cycloheximide and 100 pg mi™
chloramphenicol), treated with 5 pl of TURBO DNase (2 U pl ™, Thermo
Fisher Scientific) on ice for 10 min, then centrifuged at 20,000g at
4 °C for 10 min. The supernatant was stored at —80 °C before library
construction. RNA concentration of cell lysates was measured with a
Qubit RNA BR Assay Kit (Thermo Fisher Scientific).

Preparation of Ribo-seq library

Ribo-seq was performed as described previously®. The cell lysate
containing 10 pg total RNA was incubated with 2 U of RNase I (LGC Bio-
search Technologies) in a300 pl reaction mixture at 25 °C for 45 min.
The RNase digestion was stopped by adding 10 pl of SUPERase«In
(Thermo Fisher Scientific). Ribosomes were isolated by sucrose cush-
ionultracentrifuged at100,000 r.p.m. (543,000g) for1hat4 °Cwitha
TLA110 rotor and an Optima MAX-TL ultracentrifuge (Beckman Coul-
ter). Subsequently, RNA was purified with TRIzol-LS reagent (Thermo
Fisher Scientific) and a Direct-zol RNA Microprep kit (Zymo Research).
RNA fragments of 17-35 nt were gel-purified after running polyacryla-
mide gel electrophoresis. Theisolated RNA fragments were ligated to
custom-made pre-adenylated linkers containing unique molecular
identifiers and barcodes for library pooling using T4 RNA ligase 2, trun-
cated KQ (New England Biolabs). rRNA was depleted using aRibo-Zero
Gold (Human/Mouse/Rat) kit (Illumina), followed by a pull-down using
RNAClean XP beads (Beckman Coulter). The rRNA-depleted samples
were reverse transcribed with ProtoScript Il (New England Biolabs),
circularized with CircLigase Il (LGC Biosearch Technologies) and
PCR-amplified using Phusion polymerase (New England Biolabs). The
libraries were sequenced on an Illumina HiSegX system (Illumina) with
the 150 nt paired-end read option (Supplementary Table 1).

Preparation of RNA-seq library

Total RNA was purified from the cell lysate using TRIzol-LS and a
Direct-zol RNA Microprep kit (Zymo Research). RNA-seq libraries were
prepared with TruSeq Stranded Total RNA Library Prep Gold (Illumina).
Thelibrary was sequenced onaHiSegX system (Illumina) with the 150 nt
paired-end reads option (Supplementary Table 1).

Preparation of mim-tRNA-seq library

The tRNA fraction was collected from the lysate using amirVanamiRNA
Isolation Kit (Thermo Fisher Scientific) and deacylated by incubating
at37°Cfor45minin100 mM Tris-HCIpH9.0. Thelibrary preparation
scheme was adapted from the method for Ribo-seq®, using 80 ng of
tRNAs. Then, 2 pl of 1.25 uM reverse transcription primer (NI-802)* was
hybridized to linker-ligated tRNA dissolved in 10 pl of RNase-free water
by denaturing at 82 °Cfor 2 minand cooling at 25 °C for 5 mininather-
mocycler.Reverse transcription was conducted in 21.6 mM Tris-HCI pH
7.5,5.4 mM MgClI2 and 486 mM KClI containing 5.4 mM dithiothreitol,
0.54 U ul™* SUPERase«In (Thermo Fisher Scientific) and 540 nM TGIRT-1II
(InGex) in an 18.5 pl reaction mixture and pre-incubated at 42 °C for
10 mininathermocycler.Next, 2.5 pl of 10 mM dNTP was added to the
tube to make a 20 pl reaction mixture and incubated at 49 °C for16 h
inathermocycler. Subsequent circularization and PCR amplification
were conducted as in the Ribo-seq®. The library was sequenced on
a HiSegX system (Illumina) with the 150 nt paired-end reads option
(Supplementary Table1).

Nature Microbiology | Volume 11| February 2026 | 584-596

590

—165—



Article

https://doi.org/10.1038/s41564-025-02234-x

Construction of anon-coding RNA database

We constructed a non-coding RNA (ncRNA) database by collecting
annotated sequences from databases and de novo prediction. The
annotated ncRNA sequences of A. castellaniiwere downloaded from the
RNAcentral database (17 August 2023) and searched by queries ‘Acan-
thamoeba castellanii’, which hit to the following two TAXONOMY levels,
‘TAXONOMY 5755 and “TAXONOMY 1257118’ (RNAcentral Consortium,
https://rnacentral.org)®’. The TAXONOMY 5755 search identified 241
ncRNA records: 205 rRNAs, 32 small ncRNAs, 3 RNase P RNAs, 1 RNase
MRP RNA and1group lintron. The TAXONOMY 1257118 search identi-
fied205ncRNArecords: 44 rRNAs, 149 small non-coding RNAs, 1RNase
PRNA, 1RNase MRP RNA, 4 SRP RNAs and 2 vault RNAs.

For de novo prediction, the nuclear genome sequence of A. cas-
tellanii was downloaded from the latest chromosome-scale genome
assembly'*. The mitochondrial (NC_001637.1) and APMV (NC_014649.1)
genome sequences were downloaded from the RefSeq database and
used for de novo ncRNA prediction. rRNA genes were predicted using
RNAmmer (v.1.2)%, and tRNA genes were predicted using tRNAscan-SE
(v.2.0.12; parameters: -HQ for amoeba, -G -HQ for APMV, -mt -Q
for mitochondria)®*.

Read mapping

Forthe Ribo-seqand RNA-seq reads, data were processed as described
previously®. In brief, adapter trimming was performed with fastp
(v.0.21.0)*°. Reads were mapped to the ncRNA sequences using STAR
(v.2.7.0a)*’ toremove reads that originated from rRNA genes and other
ncRNA genesinsilico. The remaining reads were mapped to the merged
genomes of the virus, amoeba nucleus and mitochondria, using STAR
(v.2.7.0a). BAMfileindexing and read extraction were performed using
SAMtools (v.1.10). Offsets for footprints of different lengths were
determined by checking the enrichment of footprints around the
start and stop codons of genes (Supplementary Table 3). The quality
of ribosomal footprints was checked by mapping status around start
and stop codons (Extended Data Figs. 2 and 3a).

The mim-tRNA-seq reads were quality controlled using fastqc
(v.0.12.1; http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/), and regions after 97 nt (quality < 20) were trimmed using
fastx-trimmer (v.0.0.14; http://hannonlab.cshl.edu/fastx_toolkit/).
The trimmed reads were mapped to the ncRNA sequences (except for
tRNAs) using Bowtie2 to remove other ncRNAs®. The unmapped reads
were extracted and mapped to the tRNA sequences using Bowtie2.

Gene filtering, quantification and normalization

To quantify gene expression levels, reads per kilobase per million
mapped reads (RPKM) values were calculated for protein-coding
genes in the amoeba and APMV genomes based on the total number
of reads that uniquely aligned to the coding regions of the amoeba or
virus, respectively.

Footprints that mapped to the first five codons (including the
start codon) or the last five codons (including the stop codon) were
not counted. Openreading frames with total RNA and footprint RPKM
values <10 in any replicate were discarded. After filtering, 10,575 and
955 protein-coding genes from the amoeba nuclear genome and APMV
genome, respectively, remained for subsequent analyses.

Transcripts per million kilobase (TPM) values were used to
compare host and viral gene expression levels. To analyse the gene
expression patternsinthe host or virus, TPM values were recalculated
separately for the host and virus genes. Translation efficiency was cal-
culated using DEseq2 (ref. 70) asamean fold-change between footprint
and read counts, considering replicates.

Gene clustering and enrichment analysis

After filtering lowly expressed genes, Z-score normalization was per-
formed oneachgeneinonereplicate. The optimal number of K-means
clusters was determined based on TPM values using the R package

factoextra (v.1.0.7; https://rpkgs.datanovia.com/factoextra/index.
html).KEGG pathway and KEGG orthologue groups were assigned using
the eggNOG-mapper webserver (v.2.1.1.2)" (http://eggnog-mapper.
embl.de/) with the following settings: e-value <1 x 107, bit score 260,
identity >60%, query coverage >20% and subject coverage >20%. The
KEGG Pathway database for amoeba was built with the assigned KEGG
Orthology terms usingahomemadeR code. Enrichment analyses were
performed for the top 2,000 genes with the highest standard deviation
using clusterProfiler (v.4.8.3)’? (Supplementary Table 2).

Quantification of tRNA expression

For tRNA read mapping, reads that met the following criteria were
retained: (1) length >20 bp; (2) uniquely mapped to tRNA genes that
encode the same anticodons; (3) anticodon of mapped tRNA was not
‘NNN’, ‘TTA’ (that is, tRNA suppressor) or ‘TCA’ (that is, tRNA for sele-
nocysteine); and (4) reads mapped to the same genome. These criteria
ensured that reads with unique mapping and reads that mapped to
multiple genes but encoded the same type of anticodon were kept
for quantification.

The composition of the cellular tRNA pool was calculated as the
proportion of tRNA speciesin each sample. Because tRNA andacodon
can pair by wobble pairing, we used absolute adaptiveness (W) to
measure the tRNA supply to each type of codon®. The W-score of a
codonwas computed as the weighted sum of the selection constraint
(s;) and tRNA ratio (tRNA)), considering both Crick’s rules and wobble
pairing. The selective constraint (s;) represents the difficulty of the
pairing between codon iand anticodon;.

W; = (1 - s;)tRNA, o

j=1

In brief, to infer s;, we performed Nelder-Mead optimization on
Spearman’s correlation between the expression level and computed
tRNA adaptationindex (tAl) of corresponding genes using the Python
package scipy”’. The tAl is a measure of the tRNA usage by coding
sequences’’.Forageneg, tAl, was computed as the geometric mean of
therelative adaptiveness w;of its codons. If tAl, =1, itindicates the gene
giswellsupported by the tRNA pool, whereas tAl, close to O indicates
that the geneis poorly supported.

ly A
tAl, = (H wikg) 2)
k=1

Here, i is the codon at the kth position in the gene g, and [, is the
length of the gene in codons (excluding the stop codon). Consequently,
tAl, estimates the amount of adaptation of a gene g to its genomic
tRNA pool.

In equation (2), the relative adaptiveness w; is the normalized
absolute adaptiveness (W-score). The relative adaptiveness w; was
calculated as the ratio between the W, for each codon and the maxi-
mum W. Thus, w; =1indicates that the codon i is the most adapted
codon to the tRNA pool, and w; close to O indicates that the codon is
very poorly adapted.

Originally, the maximum W was set as the highest W among all
codons. To avoid making this value biased to being much higher than
other values, we used the geometric mean of the three highest Wval-
ues (W,) as the maximum W value for computation. W, was used to
calculate the relative adaptiveness of each codon.

wy=s/ 1 Wi ©)
ictop3

w; = min <1%) 4)
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After calculating tAl for each gene, we performed parameter opti-
mization for s; using the top 2,000, 3,000, 4,000 and 5,000 amoeba
genes based on the ranking of the footprint TPM separately and initial-
ized the parameter setfrom[0, 0, 0, 0, 0],[0.25,0.25,0.25,0.25,0.25],
[0.5,0.5,0.5,0.5,0.5],[0.75,0.75,0.75,0.75,0.75],[1,1,1,1,1]. The s;
setwas[1,0,1,0.0065956,0.90832489] (p = 0.450), which represents
the wobble pairing between A:l, C:I, G:U, U:G and A:G (for the codon-
ATA:tRNA-GAT pair), respectively.

Codon usage and balance score
For codon usage, U, the total number of occurrences of codon type i
was computed by summing up the occurrences of codoniinthegeneg,

denoted as ¢, weighted by the mRNA abundance TPMgyy .

G
U =) TPMpyag X Cig (5)
g=1

We defined codon usage cu;as arelative estimate of how ofteneach
codon is used. We computed cu; by rescaling U; to have a maximum
value of 1. U, in equation (7) is the geometric mean of U, of the top
three codons.

cu; = min <1,

Y ) ©)

max

Unax =3 / H Ui @)
ietop3

The balance score is defined as the ratio of tRNA availability, the
relative adaptiveness of each codon (w;), and codon usage (cu,), then
linearly rescaled to have amaximum value of 1 (ref. 31).

. w;
ratio; = j 8
L

ratiopay = [ [] ratio; 9)
ietop3

ratio; >

Balance score; = min <1, —
ratiopay

(10)

Acodonwithratio’>1was defined as ‘excessive tRNAs’, indicating
that the tRNA supply was higher than the codon usage, and ratio’ <1
was defined as ‘moderate tRNAs’,indicating the tRNA supply was lower
than the codon usage. The balance score is derived from this score by
rescaling therange fromOto1.

Codon occupancy

The relative ribosome density at the kth codon of gene g (e,,) was
defined as the number of ribosome footprints at position k (RPF,,) to
the average number of ribosome footprints per codon of gene g (RPF,).

RPF,

g = — 11
"~ 'RPF, an
. RPF,

RPFg = — (12)

Theribosome occupancy of agiven type of codon i was the mean
value of all positions where the corresponding codon is i. Only genes
with RPF, > 1 were included in this analysis. The first four codons in
each gene were excluded when calculating codon occupancy™. Stop
codons were also notincluded in the analysis.

Short footprint ratio

The short footprint ratio of codon type i was defined as the ratio
between the number of short footprints (RPF;) mapped toacodonkand
the total number of footprints (RPF;) mapped to codon type i. Genes
that were used in the codon occupancy analysis were used in this study.
The start and stop codons were excluded from the calculation. Short
footprint ratio was repeated using 21-22 nt and 29-30 nt footprints
alone to examine the signal (Extended Data Fig. 7a,b).

RPFg;
Short footprint ratio for codon typei = Si (13)
RPF;

Identification of a putative pausing site

For each gene, we calculated the mean and standard deviation of the
relative ribosome density as ¢, and sd,. We considered positions as
putative pausing sites when e, ,exceeds the mean (¢,) plus two standard
deviations (s,,) of the gene*. The number of putative paused sites was
summed based on their codon type and the original gene. These num-
bers were normalized by the total occurrences of codontypes and gene
length, excluding the first four codons and the stop codon.

FUNCAT, sm-mRNA FISH, rRNA FISH and DAPI staining

A. castellanii, strain Neff (ATCC 30010) cells were seeded in PYG
mediumat10° cells per mlin a24-well plate (Thermo Fisher Scientific)
withafinal volume of 1 mlper well. The cells were incubated to attach to
thedish bottomat 25 °C for atleast 30 min. Subsequently, the cellswere
infected with APMV at a multiplicity of infection of 1. The plates were
centrifuged for 30 minat1,000gat room temperature to synchronize
theinfection. Then, the medium was exchanged for fresh PYG medium
to minimize the possibility of re-infections.

For each well, the 1 ml cell solution was collected and transferred
into a 1.5 ml tube (Eppendorf) and centrifuged at 5,000g for 5 min
at room temperature. After removing 80% of the supernatant, the
remaining volume was resuspended using a vortex. Then, 50 pl of this
concentrated cell suspension was added to each well of a microscopy
slide (Marienfeld). The cells were incubated for 1 h to attach to the
microscopy slide. The supernatant was removed, and the cells were
fixed using 4% paraformaldehyde for 10 min at room temperature.
The cells were washed using Milli-Q water and permeabilized with 70%
ethanolfor2hat4 °C.

FUNCAT, sm-mRNA FISH and rRNA FISH were performed as
described previously'. FUNCAT was developed from bio-orthogonal
noncanonicalamino acid tagging®”>’%. In brief, homopropargylglycine
wasadded ata concentration of 50 pM at least 30 min before sampling.
To identify newly synthesized proteins, an azide-bearing affinity tag
was covalently attached by ‘click chemistry’. For this, 221 pl Page’s
amoebasaline buffer (PAS, ATCC medium 1323) was mixed with12.5 pl
0f 100 mM sodium ascorbate and 12.5 pl of 100 mM aminoguanidine
hydrochloride. Separately, 1.25 pl of 20 pM CuSO,, 1.25 pl of 100 uM
Tris[(1-hydroxypropyl-1H-1,2,3-triazol-4-yl)methyl]Jamine (THPTA)
and 0.3 pl of 5 mM Cy3-azide dye were mixed and left to react in the
dark for 3 min at room temperature. The two solutions were mixed
carefully, and 10 pl was added to each well of the microscope slides.
Theslides wereincubatedin the dark for 30 minatroom temperature
and then washed with PAS.

For the sm-mRNA FISH, 35 20 nt probes were designed to target
the mcp gene of APMV' using the Stellaris RNA FISH Probe Designer
of LGC Biosearch Technologies (https://www.biosearchtech.com/
support/tools/design-software/stellaris-probe-designer). To each
well on the microscopy slides, 10 pl of hybridization buffer (2x SCC,
100 mg ml™ dextran sulfate, 2 mM ribonucleoside-vanadyl complex,
0.2 mg mI™BSA,1mg ml™E. coli tRNA and 20% formamide) containing
the probe mix (with each probe labelled with the fluorophore Cy5) was
added ataworking probe solution 0f437.5 nM. The slides were placed
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inamoist chamber andincubated at 37 °C for 20 h. The hybridization
buffer was washed away with a wash buffer (2x SCC in nuclease-free
water) at 39 °C for 10 min. Then, the slides were dipped in ice-cold
water and air dried.

For the rRNA FISH, 10 pl of hybridization buffer (0.9 M NaCl,
20 mM Tris-HCI pH 8.0, 0.01% SDS and 25% formamide) and 1 pl of
Euk516 probe (5-GGAGGGCAAGTCTGGT-3’; labelled with the fluo-
rophore Fluos) were added to each well of the microscopy slides.
Hybridization was performed in moist chambers at 46 °C for 1.5 h.
Subsequently, slides were washed with awash buffer (20 mM Tris-HCI
pH 8.0, 5 mM EDTA and 0.149 M NaCl) and kept in the wash bufferina
50 mltube at 48 °Cfor10 min. Then, theslides were dippedinice-cold
Milli-Q water and air dried.

After the sm-mRNAFISH or rRNA FISH, DAPI (1 pg ml™) was added
to the wells on the slides, incubated for 3 min and washed off with
nuclease-free water and air dried. The slides were observed using a
confocal laser-scanning microscope (Leica SP8).

Plasmid construction

The plasmid for exogenous expression (pAcasTBP-GFP) in amoeba
cells was constructed as follows. A promoter sequence of the A. cas-
tellanii TBP gene, a fused ORF of the enhanced green fluorescence
gene (GFP) and the neomycin resistance gene (NEO), and the SV40
early polyA sequence were PCR-amplified from A. castellanii genomic
DNA, a synthetic plasmid (VectorBuilder), and plZ/GFP”’, respec-
tively, using KOD One PCR Master Mix (Dye-free 2xPCR Master Mix)
(TOYOBO). These fragments were cloned into the pBR322 backbone,
which was PCR-amplified from pUC19, using the In-Fusion HD Clon-
ing Kit (TaKaRa). Subsequently, the SV40 late polyA sequence and
an additional TBP promoter sequence were PCR amplified from the
synthetic plasmid and the A. castellanii genomic DNA, respectively,
and introduced between the GFP and NEO ORFs, using the In-Fusion
HD Cloning Kit.

To generate pAcasTBP-Rluc-2A-GC-2A-Fluc and pAcasTBP-Rluc-
2A-AT-2A-Fluc, fragments containing Renilla luciferase (RLuc) or firefly
luciferase (FLuc) with self-cleavage 2 A sequences were PCR-amplified
from plasmid psiCHECK2-2A-3xFLAG-SBP-2A*. The GC-rich sequence
from theamoebaactin gene (BAESF_03529.mRNA.1)"* and the AT-rich
sequence from the APMV TBP ORF (RefSeq GenelD: 9925078, pro-
teinID: YP_003986960.1) were PCR-amplified from A. castellanii and
APMV genomic DNA, respectively. The amplified DNA was cloned into
pAcasTBP-GFP that was linearized by PCR using the In-Fusion Snap
Assembly Master Mix (TaKaRa).

APMV genomic DNA was prepared as described previously®°.
A. castellanii genomic DNA was prepared using NucleoSpin Tissue
XS (TaKaRa).

Reporter assay

Amoeba cells at the growth phase were collected, and 5 x 10° cells were
seeded ina35 cm NuncEasYDish (Thermo Fisher Scientific) with 2 ml of
PYG medium. Then 5 pg of plasmids was transfected with 10 pl of Poly-
Fect Transfection Reagent (Qiagen) in 100 pl of phosphate-buffered
saline and 600 pl of PYG. One day after transfection, 1 ml of floating
cells was transferred into a 10 cm Nunc EasYDish (Thermo Fisher Sci-
entific) with 9 ml PYG and 10 pg mi™ of G418 (Nacalai Tesque). After
3 daysofincubation, the medium was replaced with 10 ml of fresh PYG
with 50 ug ml™ of G418 and incubated for 3 days. Subsequently, the
cells were scraped with a cell lifter, and 5 x 10° cells were seeded into a
35 cmdishwith2 mlof PYG medium. APMV infection was performed as
described above, and cells were collected with acell lifter at 8 h.p.i. The
cellsuspension was centrifuged at 500g for 5 minat room temperature.
The cell pellets were lysed with 200 pl of 1x Passive Lysis Buffer (Pro-
mega) and stored at—80 °C until the luciferase-activity measurement.
FLuc and RLuc activities were measured using the Dual-Luciferase
Reporter Assay System (Promega) and the GloMax-Multi Detection

System (Promega). FLuc activity was normalized by RLuc activity. Infec-
tion experiments were independently performed twice, and luciferase
activity was measured in two technical replicates.

Statistics and reproducibility
Allstatistical tests were doneinR (v.4.3.1; R Core Team, 2023). Signifi-
cance annotation in boxplots was done using the R package ggpubr
(v.0.6.0; https://rpkgs.datanovia.com/ggpubr/). Exact Pvalues foreach
subfigure are saved in Supplementary Tables 2 and 4. Representative
images from over three independent biological replicates are shown
(Fig.5). Various conditions were tested once to optimize the tRNA-seq
sequencing protocol (Extended Data Fig. 5).

No statistical methods were used to pre-determine sample sizes.
The number of biological replicates for experiments were chosen
based on previous studies and are similar to those generally used in
the field. Data collection and analysis were not performed blind to
the conditions of the experiments. Sequencing data were processed
using standardized computational pipelines. There is no subjective
scoring in our analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seq, Ribo-seq and mim-tRNA-seq results obtained in this
study have been deposited in the NCBI Gene Expression Omnibus
(GEO) database under the following accession numbers: RNA-seq,
GSE276076; Ribo-seq, GSE276078; and mim-tRNA-seq, GSE276080.
Source data are provided with this paper.

Code availability

The key codes for the analyses of RNA-seq, Ribo-seq and mim-tRNA-seq
are publicly available via Github (https://github.com/ruixuan-zhang/
Zhang_Lotte_GiantVirusRiboSeq)and Zenodo (https://doi.org/10.5281/
zenodo.16555392)%.,
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Extended Data Table 1| Average tRNA supply (W score) for AU3 and GC3 codons in each sample and p value from Wilcoxon
rank sum test (one-sided)

Sample Codon type p value
AU3 GC3 AU3<GC3 AU3>GC3

R10 hpi 21672 2.8443 0.0587 0.9429
R2 O hpi 21429 2.8509 0.0450 0.9563
R12 hpi 21709 2.8497 0.0587 0.9429
R2 2 hpi 21463 2.8408 0.0457 0.9557
R14 hpi 21051 2.8212 0.0587 0.9429
R2 4 hpi 2.0956 2.8264 0.0464 0.9550
R18 hpi 21713 2.8126 0.0696 0.9323
R2 8 hpi 21598 2.8240 0.0580 0.9437
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Extended Data Table 2 | Average balance score for AU3 and GC3 codons in each sample and p value from Wilcoxon rank sum

test (one-sided)

Sample Codon type p value

AU3 GC3 AU3<GC3 AU3>GC3
R10 hpi 0.3858 0.0991 1.0000 1.2017e-06
R2 0 hpi 0.3656 0.0979 1.0000 1.2017e-06
R12 hpi 0.3024 0.3227 2.5347e-01 7.5113e-01
R2 2 hpi 0.2568 0.3004 1.8112e-01 8.2265e-01
R14 hpi 0.2116 0.3451 9.1690e-03 9.9118e-01
R2 4 hpi 0.1773 0.3326 3.7242e-03 9.9643e-01
R18 hpi 0.1445 0.3236 5.2970e-04 9.9950e-01
R2 8 hpi 0.0796 0.3099 1.5285e-06 1.0000
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Extended Data Fig. 2 | Ribosome footprints mapping around start and stop footprint distribution around start codons (c, e, g, and i) and stop codons (d, f, h,
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Extended DataFig. 3 | See next page for caption.
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Extended Data Fig. 3 | Characterization of Ribo-Seq and RNA-Seq data.

(a) Discrete Fourier transform of long (29-30 nt, top) and short (21-22 nt, bottom)
footprints downstream of the start codon of the amoeba (left) and APMV (right)
atdifferentinfection stages. (b-e) Scatter plots of the transcripts per kilobase
million (TPM) values from two independent biological replicates for ribosomal
footprints (b, c) and mRNAs (d, e) at different infection stages. (f, g) Short
footprint accumulation during viral infection. Short footprint ratios on each

codon type in amoeba (f) and APMV (g) mRNAs at different infection stages.

(h) Enriched KEGG pathways in each host gene cluster. The colour scale for
significance and the size scale for the gene ratio in each category are shown. The
p values were calculated by the hypergeometric distribution implemented in the
enrichGO function in clusterProfiler. The Benjamini-Hochberg method was used
to control the false discovery rate. The cutoffs for the p value and g-value were
both 0.05.
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temperatures. Linker-ligated tRNAs (from yeasts or amoebae) at the 3’ end
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Extended DataFig. 6 | Correlationbetween amoeba and APMVribosome
occupancy. (a) Scatter plots of the codon-specific ribosome occupancy on
amoeba (horizontal axis) and APMV (vertical axis) mRNAs at different infection
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hpi, hours post-infection; p, Spearman’s correlation coefficients (two-tailed);
** p<0.0001.
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