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Formation Mechanism of Cyclic Supramolecular Polymers

foe TN - BPSE e - 1% HEIR
Kazunori SUGIYASU, Yuki Nodera, Yuichiro Watanabe
Department of Polymer Chemistry, Graduate School of Engineering, Kyoto University

Cyclic polymers are attractive synthetic targets in both polymer chemistry and supramolecular polymer chemistry; however, there is

a gap between these two research fields in terms of the synthetic strategies involved, and achieving a commonality remains elusive.

Herein, we describe the formation of two distinct types of cyclic supramolecular polymers (SPs) from structurally similar

rosette-shaped molecules. The first SP (Type I) is characterized by a uniform diameter and circularity, whereas the other (Type II)

has properties reminiscent of flexible cyclic covalent polymers. Remarkably, the only difference in the structures of the two

monomers that form these completely distinct cyclic SPs is the absence (Type I) or presence (Type 1) of hydrogen-bonding moieties.

An all-atom molecular-dynamics simulation suggested that the Type II SP can adopt various ‘conformations’ due to the dynamic

nature of its hydrogen bonds, thereby behaving like a flexible covalent polymer. Real-time high-speed atomic-force microscopy

confirmed the presence of flexibility in the chains of the Type II SP on the observation timescale (several tens of seconds). Our

results therefore highlight an example of a similarity between a covalent polymer and a noncovalent SP that should help to bridge the

gap between these polymers, leading to new advanced materials.
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Synthesis of Degradable Sequence-Controlled Polymers via Radical Copolymerization and

Post-Polymerization Modification
KA k- BH K
Makoto OUCHI, Keita Kuroda
Department of Polymer Chemistry, Graduate School of Engineering, Kyoto University

Using monomers designed to enable post-polymerization functional group transformation, we further controlled alternating chain
growth and isomerization reactions during polymerization to synthesize polymers in which ether linkages and ketone carbonyl
groups, serving as triggers for degradation, are periodically incorporated into the polymer backbone, and we successfully
demonstrated their degradation. In general, polymers obtained via addition polymerization possess backbones composed exclusively
of carbon—carbon bonds; however, by integrating the reactions discovered in this study into the polymerization process, we
succeeded in the precise introduction of degradable trigger linkages into the polymer backbone.
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Fig.1. Examples of isomerization radical polymerization.
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Fig.2. Characters of BnVE and PFA as monomers.

Mz, v-70% BilbaAl & LCTHYY, 30°CTBnVE L
PFAD1:17 P ANIEEEIT o T2, T OILEEZET 2 I
NTALFLEOE=1T=—F )L [n-TFILE=LT—F )L

(NBVE) , iso-7F L tE=1x—5,L (IBVE) , HAL
BEFRSMMEREEFSRVAFALAF LT 7Y L— |
(MA) BERWEEAS LB L, TORE, MAL
IBVE L #lAGioE 2 L ILBEEDETT HDITK L, MAIZ
BnVEZ A G HLE TCHIHBESRITIT LA LHET L Do
77o L2L, BnVE&PFADOILEAIZMMICHEITLT-, £
7o, B —OMBITLITIERL, 2:1&720, BAHIC
S NTEBnVEDEIGIIRIRDI3% L 72 o Tz, T OZH)
IZINBVE & PFADOFA GO E L1282, = OAIINBVE
OMEBEEIBIT40% E 7272 (K3)

Fig.3. 1:1 Radical copolymerization of PFA with BnVE and

comparison with copolymerizations of related monomers.
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Fig.5. Structural analysis of polymers by '"H NMR.
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Fig.8. AAB-type radical alternating copolymerization of PFA
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Fig.9. Acid degradation of polymers after transformation with

methanol.
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Development of New Recycling Systems for Inorganic Elements Based on
Mechanochemical Reactions
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Department of Polymer Chemistry, Graduate School of Engineering, Kyoto University

Rare metals are indispensable for high-tech industries, whereas their uneven distribution and limited reserves have led to a serious
depletion of the resources. Among rare metals, tin is used in many devices as a transparent conducting film (ITO, indium tin oxide),
and the recovery of tin from its waste has been still desired. Conventionally, although various recovery techniques have been proposed,
simpler and lower-cost recovery methods are required. From these backgrounds, we focused our attention on solid-state
mechanochemical reactions. These reactions are synthetic methods that minimize the use of solvents, and efficient solvent-free
reactions are achieved by the strong mechanical stirring of a ball mill. Moreover, mechanochemical synthesis can be classified as a
chemical reaction without solvents and has attracted much attention as a powerful tool in green chemistry. Herein, we explain
fundamental mechanochemical reactions for preparing the hypervalent tin complex with O,N,O-tricoordinated ligands. We demonstrate
solvent- and catalyst-free mechanochemical synthesis of hypervalent tin(IV) compounds with azo/azomethine tridentate ligands and
organotin(IV) oxide by manual grinding in an agate mortar. FT-IR spectra indicate that 41~82% of the ligands can be converted to the
hypervalent tin compounds depending on the reaction conditions. The resulting products exhibit solid-state emission in the yellow to
deep-red region without purification. In this manuscript, systematic studies for evaluating influence of reaction conditions on
production yields and optical properties have been examined.
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Scheme 1. Mechanochemical synthesis of TAz and TAm. Condition A: L-Az/1 = 1/1 mol/mol, Condition B: L-Az/1 = 1/1.8
mol/mol, Condition C: L-Az/1 = 1/1.8 mol/mol with 2 drops of acetone (30 uL).



Table 1. Calculated yields of mechanochemical reactions from FT-IR data

Abs. at Abs. at Abs. at Abs. at
943 cm™! 1390 cm™! yield ? / % 1466 cm™! 837 cm™! yield ? / %
(Standard) ¢ (Target) “ (Standard) ¢ (Target) “
TAz-A 0.038 0.071 41 TAm-A 0.73 0.12 41
TAz-B 0.040 0.10 57 TAm-B 0.61 0.13 51
TAz-C 0.061 0.23 82 TAm-C 0.52 0.15 72
TAz-P 0.030 0.14 - TAm-P 0.43 0.17 -

@ Absorbance (Abs.) = 2 — log(Transmittance/%).
b Based on the ligands.

Figure 1. (A) Normalized diffuse reflectance UV—vis absorption spectra of L-Az, TAz-A, B, C and P, and 1 in solid, and normalized
UV-vis absorption spectra of TAz-P in CHCI3 solution (1.0 x 107> M). (B) Normalized PL spectra of TAz-A, B, C and P in solid and
TAz-P in CHCI; solution (1.0 x 107> M), excited at Aabs. (C) Photographs of the reacted sample (TAz) by manual grinding in the agate
mortar. (D) Normalized diffuse reflectance UV—vis absorption spectra of L-Am, TAm-A, B, C and P, and 1 in solid, and normalized
UV-vis absorption spectra of TAm-P in CHCI; solution (1.0 x 10 M). (E) Normalized PL spectra of TAm-A, B, C and P in solid
and TAm-P in CHCI; solution (1.0 x 1075 M), excited at Aabs. (F) Photographs of the reacted sample (TAm) by manual grinding in the
agate mortar.

Table 2. Optical data of the products prepared by various conditions and reactants

Aabs / NM JpL ¢/ nm DrL %/ % Aabs / NM ApL ¢/ nm oL %4/ %
LAz 427 n.d.¢ n.d.¢ LAm ¢ 446 n.d.*® n.d.®
TAz-A ¢ 541 683 3.2 TAm-A ¢ 455 578 8.8
TAz-B ¢ 541 675 4.0 TAm-B ¢ 454 576 11.8
TAz-C ¢ 543 682 4.2 TAm-C ¢ 455 566 18.6
TAz-P ¢ 589 685 3.7 TAm-P ¢ 457 572 26.4
TAz-P 545 680 3.5 TAm-P 455 589 20.5
1¢ 260 n.d. ¢ n.d. ¢

 Solid dispersed in BaSOa.

51.0x107° M in CHCl:.

¢ Excited at Aabs.

4 Absolute PL quantum yield excited at absorption maxima.

¢ Not detected.
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Construction of Biomembrane Nanoparticles for the Creation of Biofunctions
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Biomembrane-coated nanoparticles have emerged as a central concept in bioinspired nanomaterials, drawing inspiration from
extracellular vesicles and enveloped viruses. By integrating the physicochemical functions of inorganic nanoparticle cores with the
dynamic and biocompatible nature of lipid bilayer membranes, these hybrid systems provide a versatile platform for drug delivery,
bioimaging, and vaccine development. This paper comprehensively summarizes recent advances in the construction of biomembrane
nanoparticles, with particular emphasis on lipid bilayer coating strategies and their structural and functional consequences. Special
focus is placed on a lipid-layer penetration method based on density-gradient centrifugation, which enables efficient formation of
uniform single lipid bilayers over a wide range of particle sizes and lipid compositions. Furthermore, functionalization through
incorporation of membrane proteins using cell-free protein expression systems is discussed, establishing a rational design framework
for artificial biomembrane nanoparticles with defined composition and emergent biofunctions.
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P bofEmalE 2, ARTIZI NS OAEKET /Rt
T TARREERE & LT, TRREHTREAR A T4

Fig. 1 Conceptual illustration of artificial biomembrane nanoparticles inspired by extracellular
vesicles and enveloped viruses. An inorganic nanoparticle core is uniformly coated with a lipid
bilavyer, providing a biomimetic and dynamic interface for functionalization.
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Fig. 2 Schematic representation of the lipid-layer penetration method using density-
gradient centrifugation. Nanoparticles penetrate a concentrated lipid layer to form a

uniform single lipid bilayer coating.



Fig. 3 Single-particle analysis of biomembrane-coated nanoparticles using imaging flow
cytometry, demonstrating colocalization of core- and lipid-derived fluorescence.

Fig. 4 Biomembrane nanoparticles functionalized with membrane proteins using

a cell-free protein expression system.
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The “Concentrated Polymer Brush (CPB)” is characterized by high fluid retention and compression resistance, excelling in reducing
boundary lubrication and stably forming elastic fluid lubrication films. In this study, the wear mechanism of CPB was analyzed using
original combinatorial methodology and friction/wear-testing machines. Analysis using fluorescence methods revealed that wear
progresses through a hierarchical process involving: (1) random polymer-chain scission, (2) sequential wear progression, and (3)
destructive abrasive wear. Furthermore, it was clarified that each mode has an initiation threshold and is closely related to the lubrication
state (hydrodynamic or boundary lubrication). These findings are expected to accelerate the integration of soft materials into energy-

saving technologies.
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Effects of network generation method on the structure and mechanical properties of gels

mHE B RS
Tsuyoshi KOGA, Tsutomu FURUYA
Department of Polymer Chemistry, Graduate School of Engineering, Kyoto University

The effects of network generation method on the structure and mechanical properties of gels were studied by coarse-grained molecular
dynamics simulations. The gels formed by end-linking of two types of tetra-arm star polymers, cross-linking of telechelic reactive
polymers and tetrafunctional cross-linkers, cross-linking of multifunctional reactive polymers and bifunctional cross-linkers, and
radical copolymerization of monomers and cross-linkers were compared. The results showed that the degree of freedom during network
formation significantly affects the structure and mechanical properties, and that the lower the degree of freedom, the more uniform the
structure and the better the mechanical properties. When the polymerization mechanism of radical copolymerization was changed from
conventional free radical polymerization to reversible deactivation radical polymerization, the structure and mechanical properties
changed, but the effects were not drastic because there was no significant change in the degree of freedom during network formation.
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Fig. 1 Schematic model for the network formation of reactive

polymers and the cross-linking process.
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Fig. 2 Elemental reaction models in the radical
polymerization simulation.
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Fig. 3 (a) Number density v, of elastically effective chains
due to cross-linking, (b) number density V., ofbridge chains
generated by entanglements, and (c) shear modulus G of
gels formed by various methods shown as functions of total
volume fraction ¢.
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Fig. 4 (a) Number density v, of elastically effective chains

due to cross-linking, number density ., of bridge chains

generated by entanglements, and shear modulus G of the

FRP and LRP gels. (b) Relative populations of bridges, loops,

and dangling ends in gels. Dotted lines indicate the average

values of the FRP gel.
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Fig. 5 Structural changes of clusters during the gelation
process by the FRP and the LRP with P, = 0.01. (a) Number
density v, of clusters in the sol fraction. (b) Relative
populations of bridges, loops, and dangling ends in clusters.

(c) Proportions &;per and &jnipa of the intermolecular cross-

links and the intramolecular cross-links.
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Fig. 6 Structures of clusters formed by (a) the FRP and (b) the
LRP with P, =0.01 at each distance ¢ from the gelation
conversion. Different clusters are shown in different colors.
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Observation of Degradation Behavior of Pullulan in Hot Water

BRE—E - hFt F
Sinichiro KATSUYA, Yo NAKAMURA
Department of Polymer Chemistry, Graduate School of Engineering, Kyoto University

The degradation behavior of three pullulan samples with different molecular weights was observed by small-angle X-ray scattering.
The degradation reaction rate () at each temperature was determined from the change in molecular weight over time, and it was
confirmed that the 1/7 dependence of log » was expressed as a single straight line, almost independent of molecular weight. A log-log
plot of » per unit monomer concentration versus the ionic product of water was expressed as a straight line with a slope of

approximately 5, suggesting that five H2O molecules are involved in one polymer chain scission reaction. Based on these results, the

reaction rate constant was calculated, and an Arrhenius plot was created. The reaction activation energy was calculated to be

approximately 10 kJ/mol. This is approximately one-tenth the value known for the thermal decomposition of starch.
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Figure 1. Schematic diagram of the high-pressure
apparatus; A, Hand pump: B, Pressure gauge: C, Solution
pressure-medium separator: D, Safety valve: E,
High-pressure cell: F, Temperature controller.
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Figure 2. Berry plots for P10 in H2O at different
temperatures.
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Figure 4. Change in My of P10 in H20 against time.

Figure 5. Change in 1/Mw of P10 in H2O at the
indicated temperatures against time.
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Figure 6. Arrhenius plots for the reaction rate constant k1.
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Figure 7. Double-logarithmic plots of #/Cm against K.
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Figure 8. Arrhenius plots for the reaction rate constant k.
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Organic Electrochemical Transistor Characteristics in Polythiophenes with Different Side Chains

RAL A - plE EORRR - 1A B2
Hideo OHKITA, Ryotaro NARITA, Shunsuke YAMAMOTO
Department of Polymer Chemistry, Graduate School of Engineering, Kyoto University

Thin films of polythiophenes (P3HT and P3MEEMT) with either hydrophobic or hydrophilic side chains, and their structures,
electrochemical properties, and transistor characteristics were evaluated. The results showed that P3HT with hydrophobic side chains

exhibits high crystallinity, thereby suppressing the injection of electrolyte ions. In contrast, PSMEEMT with hydrophilic side chains

was shown to promote ion injection. The analysis of film thickness dependence confirmed that the transistor characteristics of P3HT

are independent of film thickness. This suggests that ion injections are primarily confined near the film surface, indicating the
operation of an electrolyte-gated organic field-effect transistor (EG-OFET). In contrast, PSMEEMT exhibits the operation of an
organic electrochemical transistor (OECT): the transistor characteristics are proportional to the film thickness, suggesting that ion

injection penetrates into the film interior and the entire channel contributes to switching. This study demonstrates that the transistor

operating mode can be selectively controlled by regulating ion-injection behavior based on side-chain polarity.
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Fig. 1. (a) Schematic illustration of an OECT device.
Chemical structures of materials used in this study: (b) P3HT
and (c) PAMEEMT.
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Fig. 2. UV-vis spectra of (a) P3HT and (b) PAMEEMT
spincoated films with various thicknesses shown in each
panel.
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Fig.3. IR pMAIRS spectra of (a) P3HT and (b) PSAMEEMT
spincoated films. These spectra show the wavenumber
regions corresponding to the side-chain vibration bands.
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Fig. 4. Capacitance of P3HT and P3MEEMT films
estimated by electrochemical impedance method.
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Fig. 5. (a) Output and (b) transfer curves (Vb =—0.6 V) of
organic transistors based on P3HT (93 nm in thickness) and
P3MEEMT (90 nm in thickness) films. (c) Maximum value
of transconductance of each device plotted against film
thickness.
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Structures and Properties of Highly Branched Polymers Synthesized by TERP

i+ 7%
Shigeru YAMAGO
Institute for Chemical Research, Kyoto University

Rheological analysis and single-molecule visualization were performed for hyperbranched polymers (HBPs) synthesized by
organotellurium-mediated radical polymerization in the presence of branch-inducing monomer 2, termed an evolmer. HB(polymethyl
acrylate)s with systematically varied dendritic generations and branch molecular weights between branch points (MpL) were
synthesized and examined by dynamic viscoelastic measurements. When the MaL is shorter than the entanglement molecular weight
(Me) of PMA, all samples exhibited non-entangled rheological behavior. In contrast, entanglement emerged with increasing ML, and
self-similar relaxation behavior based on a branch-retraction mechanism was clearly observed. The results strongly support the
presence of dendritic architecture with controlled branch structures in the present HBPs. Furthermore, atomic force microscopy
(AFM) enabled direct visualization of HB(polydodecyl acrylate) molecule with a dendritic generation of four, confirming the
presence of the predicted number of branches. These complementary results provide compelling experimental evidence that the

synthesized HBPs possess dendritic, hierarchically branched structures. The present findings establish TERP-derived HBPs as a new

class of polymers that combine dendrimer-like structural precision with the synthetic simplicity and scalability of HBPs.
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P ART— RIS TRAE TR/ SO FEE MR RbmE
WIEDEMN BN EDOR B EFF>Z & D KA
WA R, SREEE S AT A, £ < OO CHIRN
FlehTnd, D 20—757T, o80T OREZTED
FTOIZiE, DIEEENHE SN THNDZ ERMETH
b, IHIT, EFAMICERTELZ L EETHD, Lr
L. ZNETEI @S 2RI, 2 oG 2 HE L
THRT D2 LR TH o7, KB ITUPACICBIT 5%
SIS T DEFRIL, HEAFERICHE Sz, T72bb
SRS = 1.0, DR = 1.0 THhLHT U K ~v—-
7> Km > (dendrimer « dendron) & . Ai&E 23 HIfH &4 C
W (ZL OBASTES >4, I <1.0) 85
5578 J = — (hyperbranched polymer [HBP]) ® —-2{Z431F
BNDEEREINTNEDHTHD, ? —FH, ZRHOE
BRIZH W T, HBPIZHEBS TABITEK TE D DITH
L. 7¥ RU~— T Ra 3 G¥E ki 7 BB & Rk
DU TH D=0, T TNV EOMBICKE RN H -
oo Thbb, ZHVE CHEERIE & ERAMEL Z2WLTE 2
L3I E 5y T DA RIEIL e o T,

Fox DT N—TTIEZ OREICER Y M7 AT LV
BEREAI, B 21312 261 Z 2 0V EAIETERPIZE
WT, Y iz IZEvolmer & AT 7o IkEE 2 E /< —2% B
KT HIET, ZHIERV T 7V L— 3% AR Y A
FL o, BTES =1.52.0, »ORIEHE =10 T

a) E
E R E  azo-initiator E Er - TeCHs
%\ + % + / m
TeCH, TeCH, heat B T TeCH;
1(s) 2(v) E = COR' 3 Em
\ 2

R ] g
E E J E " ]
thm , m
7 TecH, w7, TeCH,

ey
mw“:k Wﬁ‘?‘ & ;i@

R R kR 2: LeCHa)PhSH
2o = 3(Gy=2) 7(Gy=3) 15(Gy=4)  31(Gp=5)  63(G,=6)

Fig. 1. a) Synthetic method of dendritic HBP by TERP, and b)
schematic ideal structure of the obtained HBPs
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Table 1. Synthetic data of HBPMAs.

Sample ID [1]0/[2b]o/ Mn(theo) MnMALLS) pe
[MAJo x 10* x 10%ab
Gn3(0.25Me) 1/7/500 4.01 4.38 1.67
Gn3(0.50Mc) 1/7/960 7.78 8.29 1.88
Gn3(1.0Mc) 1/7/1920 15.6 16.9 1.79
Gn3(2.0Me) 1/7/3840 30.1 29.6 1.66
Gn4(0.25M)  1/15/1023 8.55 9.48 1.68
Gn4(0.50M)  1/15/1984 16.0 15.5 1.97
Gn4(1.0Me) 1/15/3968 30.0 28.8 1.85
Gn4(2.0Me) 1/15/7936 60.4 59.1 1.82
Gn5(0.50Me)  1/31/4032 30.5 37.8 2.09
GnS5(1.0Me) 1/31/8064 59.9 50.0 2.03

“Data obtained after purification. *Calculated from MwMALLs),
determined by SEC equipped with a MALLS detector, and
dispersity obtained by a RI detector.
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Fig. 3. Master curves of G’ (filled symbols), G" (unfilled
symbols), and tand (plus symbols) obtained for HBPMAs
samples, GnX(YM.) with X =3, 4, and 5 and Y = 0.25, 0.5, 1,
and 2. The black dotted line represents tand = 1. (Reproduced
from ref. 8. Copyright © 2025, American Chemical Society)
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Fig. 4. AFM (a) height, (b) phase, and (c) phase image with
guides of branches for HBPODA (Reproduced from ref. 9.
Copyright © 2025, John Wiley & Sons)
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Observation of Polymer Chain Deformation in Solvent under High Shear Using SAXS
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We developed a cell capable of small-angle X-ray scattering (SAXS) measurements under high shear (~10° s') and attempted to
observe the morphological changes in polymers added as additives in lubricants under high shear by using a powerful X-ray source
of synchrotron radiation, In this paper, we first outlined the physics of the change in viscosity of the lubricant due to the addition

of polymers and the principles of small-angle X-ray scattering,

Then, experimental results under high shear are discussed, It

was found that in PMA systems, polymer chains are stretched to parallel to the shear direction by shear, and that the higher the
molecular weight, the more the polymer is stretched, In comb-shaped PMA, it was found that monomolecular micelles were
formed and that under high shear, only the corona portion was deformed,
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Fig, 1 Increase in viscosity with temperature
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Fig, 2 Deformation under shear flow



Table 1 Characterisation of samples
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Fig, 3 Schematic picture of High-shear cell
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Fig, 4 2DSAXS patterns of PMA(Mw=230,000)



Fig, 5 Scattering profiles of PMA(Mw=230,000)

Fig, 6 Mw-dependence of Scattering profiles of PMA

2.3 BEHTICE T 5HFMFOEBOBITHSR

B41Z 55 T8 232.3x10° DPMA DV HE D2 IR TTSAXS 1 %
R, (Q)DFFIERIEIC BV TiE, BELBITE I »> T
WBDIZH LT, B FIicB Wi, BELG S RE T s
KU CIRELG AN OV B 5% Ff o 7 #E LG~ & Bk
LTW5, 2, BIRC L0 @ F8ss & iiXan T
WHZ EIZHRLTWD EEZ b, &2 T, EHICHE
FER (B 2 EEMICHRD7201C, MBI MICE
1T IM£5° & BEE ST 45 C2IRICSAXSB D& 7 & — Y%
Eofe, ZORELREI(q) Ok fFEERISICR T, D

I(QIZBWTYH, gD/ ZWEIKIZGuinierfEIk S, K& U g
NEITATHES T, @5 T8 Dmass fractal FENIHE 9 N X
FRIBBERE D, LA L, ®EERIC VT, RENC
AT 722 057 10 D ECGELC TR EE S E D/ SVl 7 R LT
BY, B TOHENWENC L V5 Z XS TnaZ R
b, ENENDI(QIZKR L CGuinier 7 v v b & W T
TRENZ AT 510 O EHRNRER gy & BN TR EL S 1R O [l
TR & RWTIZ, T ORER. BT FICB W TIEFREN AT
FHIZ25%IZ LBl S MIX SN ER GO N, ZOER
BRTERICLSTEDI IR I EFTRTMEREK



Fig, 7 2DSAXS patterns of comb-PMA
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Reconstruction of Limbs and Skin Appendages from Pluripotent Stem Cells

K% JTik
Mototsugu EIRAKU'-
nstitute for Life and Medical Sciences, Kyoto University
2 Department of Polymer Chemistry, Graduate School of Engineering, Kyoto University

Inducing complex appendages like limbs and skin derivatives from pluripotent stem cells remains a major challenge in developmental
biology and regenerative medicine due to the intricate epithelial-mesenchymal interactions required. Here, I report recent breakthroughs
in generating self-organized limb bud and sweat gland tissues from mouse embryonic stem cells by recapitulating in vivo developmental
principles. For limb bud induction, a critical step involved the physical removal of the pseudo-amniotic membrane (AR method) to
maintain lateral plate mesoderm potential. Furthermore, forelimb/hindlimb identity was precisely controlled via retinoic acid signaling
gradients. In parallel, sweat gland induction was achieved by first identifying Sox/0 as a specific placode marker distinguishing them
from hair follicles. Crucially, epidermal growth factor (EGF) signaling was found to act as a fate switch, diverting development toward
sweat gland placodes and resulting in mature, bilayered tubular structures. These findings demonstrate that recapitulating stepwise
lineage constraints and precise signal manipulation enables the in vitro creation of complex composite tissues.
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Flaw-Tolerant Fracture and Liquid-Like Elasticity of Liquid Crystal Elastomers
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Liquid crystal elastomers (LCEs) exhibit in-plane liquid-like elasticity due to the combination of LC director and rubber elasticity.
This unique combination yields characteristic response, including marked viscoelasticity, true-stress equalization in unequal biaxial
stretching, and homogenization of stress and strain fields in vicinity of crack tips. These properties collectively contribute to a
"clack-neutralizing" mechanism that suppresses the effects of inherent cracks as strain concentrators. This crack-neutralizing nature
offers a compelling strategy for enhancing the mechanical performance of elastomers, in contrast to more familiar "crack-blocking"

approaches.

1. #E

TITRA Y —=RTNBREDEGTHRY 7 AT VT
D F)FHIR L DAFFE DR AN TOI T\ D, — Ry T
ERRO% IXZELL, 1, AR, U0 K& L oG
TEE A2 AT 5, 235 OS2 B b R A EE
BEITDE, OFTHRUGIOEFRFE R, ThHOH0
5 CIIARY R OT RIS AN T D, MERORIEL
BHRIGTIOEFEPIEL S L 72 D120, W15 ClLimey
PEOFERE & L C X ROERICKIT DMMER AV LD, &
ZHERMMEA M E XSS5 L LTI RARILO0T A
BEEREN LB TN DS, AW TOOTHES
DG LA 4 T, FabiEmS & HOMER T 5 kEE L
U CHERET B Z Lo X 2R/ &S h DY,

Bir, Bx e =7 A b~ — (Liquid Crystal
Elastomer; LCE) M & A m L L-OTHER 25 L,
OFHRoAi e BIC LS5 EE Lo 2 L& R
L7, ZOLCEOHERIL LR o OT Aikihmib7e & o &
SR R LT BAERE L 132 B> T B, LCEIZ = A
WEHOXES LM » V7 o e /TR MEE
HOITLTH D, LCEITIKEE DS FBLR &~ 7 a BTERH
IO WT WD, V7 Mk e XiEn 2887 5
EWME A TRT Z LN BNTWDY, Bz, RETkdmE L
Toilidh RAA URERICT X AR LIZARY RAA
VR F v 72T A w—PNE) 2—FHIHET S &,
WA A Vo BRI —FRECH L7ZE ) RAA
REBICHEB T2, ZORY RAAL=F /) KA A2 (PM)
R IC B3 5 M EIEE L </ E L, IB-0F Al
FRCITIERITAROD S S & L TR S D, JHURiR
A A L7 ZREERT D HFMICIE LD~ 7 apEEN
BERINDTZD, MREIZIFEALENEZELR2NZOTH
5, ¥7-, P-LCERZ RGN EMiiES D L, OFAalt
BB S HMOBEISINFICHELEhTLE D &
WO R R E AT (Fig. 1b)Y, ZOBEISHOKRE &iT

Fig. 1. Quasi-equilibrium true stresses (#; i = X,y) plotted
against stretch along the x-axis (/) under planar stretching for
(a) styrene-butadiene rubber (SBR) and (b) I-PNE. Insets show
the corresponding plots using nominal stresses. While SBR
exhibits conventional anisotropic responses, I-PNE displays a
unique stress equalization (4 = ty) during the PM transition,
even under highly anisotropic deformation. (c) True stresses as
a function of area strain (/i/y). In I-PNE, the data during the PM
transition region depends collapse onto a single line regardless
of the stretch anisotropy, indicating that true stress depends only
on the in-plane area change. (d) Schematic illustration showing
that, under constant in-plane area (/x/y = const.), the director can
freely rotate with the xy-plane, allowing shape change without
mechanical work, highlighting the liquid-like deformability of
I-PNE in-plane.
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Fig. 2. Chemical compounds used in preparation of PNE.

FHMAY FAA v Rx~vF v 72T 2 h~—PNE) X
Fig. 2l " 9MbEMERNT, F4H— V= KIS X VE
BT, BRBSOSIEE T HOIREIZIB W TITWY, AL
HEHIEBE Cldx~F v 7 RETH 5, PNEIZBATHI AL
M RAAL UNEHEET DAY FAAL VERMTHY, BEFR
HINZ X R 7 8 2 n g,

PNEQEMEE 2 —dh iR 5L, #1417 20
A EF IRV, BEEITREBENE ) KAV
b4 5% Fig. 3) . ZOBLISMBIC LM En, RY K
A A RTE @tﬁﬂ £ EENG, MR- TERZL
E) RAAL REBANLEBTD. ZORY RAAL —F/
RAA L (P ESEICKRTIS T 2 OF AT, 63 E
E—E L 72D TS (0 < Ey<0.7) RS, £
J RAAL AT T T 5 &, BE O L E RIS IEO
T & HITHEINT 5. Rk, —kife=
AHMT%%W%X?V/7&/I/:A(%M@?—ﬁ
LR LTV D,

Fig. 4127 & %& AN Fakl 2 T & 2o Jm & =l
FRET 55 2R HEFHBRICHB T 5 1 (E) OF Hha Dk
K DZEM 534G DAL Z R T, OF B4 IFDICRIE IS
ko T, — MR T A THDHSBRTIE, & ZUEufr
ICHEEROTHEFRAEL, TARHEE ELITKEL
EAWOHERIZ SN~ aleiiE L 72D, —J7, PNET

Fig. 3. Tensile true stress-true strain curve for I-PNE under
quasi-equilibrium uniaxial stretching. The plateau-like region
up to the threshold strain £* corresponds to the PM transition.
The inset shows the corresponding curve for a conventional
elastomer (SBR).

Fig. 4. Spatial distributions of local principal major strain (&)
during tensile tearing at various levels of applied macroscopic
true strain (Ey) for styrene-butadiene rubber (SBR) and I-PNE.
In SBR, strain concentrates progressively at the crack tip with
increasing Ey, ultimately leading to catastrophic fracture. In
contrast, I-PNE exhibits an initial strain concentration that
saturates at the threshold strain for PM transition (£,*), beyond
which further deformation results in strain redistribution into
the far field. Conventional strain concentration and the
subsequent crack propagation are observed only after the strain
across the entire sample reaches E*.
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Fig. 5. One-dimensional profiles of e; along the centerline in
the x-direction at different £y values for (b) SBR and (c) I-PNE,
confirming the distinct evolution of strain fields and the
strain-homogenizing behavior of I-PNE.
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Fig. 6. (a) Evolution of crack-tip opening displacement
(CTOD) during tensile tearing tests at various levels of applied
macroscopic true strain (Ey). In SBR, CTOD  increases
continuously with Ey. In contrast, in I-PNE, CTOD initially
increases but plateaus until the strain across the specimen
reaches Ey*. Further crack opening resumes only after the entire
specimen exceeds E,*. (b) Force-true strain curves for SBR and
I-PNE with and without an initial notch. While SBR shows a
marked reduction in fracture strain due to the presence of a
notch, I-PNE exhibits minimal notch sensitivity. Notably,
although unnotched SBR fractures at a higher strain than
unnotched I-PNE, the notched I-PNE fractures at a higher strain
than the notched SBR, indicating enhanced flaw tolerance in
I-PNE.
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Database-driven biopolymer design and fiber materials developments
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Structural protein such as silk, collagen, and keratin, is one of the key molecules to realize the unique properties and functions of natural
tissues and organisms. Spider silks are among the toughest known materials and thus provide models for renewable, biodegradable,
and sustainable biopolymers. However, the entirety of their diversity still remains elusive, and silks that exceed the performance limits
of industrial fibers are constantly being found. The author and his group sampled over 1000 spider species and developed a spider silk
database, SILKome. The global sampling, comprehensive testing, integrated analysis, and open data will provide a solid starting point
for future biomaterial designs. The database-driven study also reported the new finding in spider silk spinning, which is essential to
clear the hierarchical structure of spider silk. The scalable and sustainable synthesis method along the clarified structure-function
relationship of natural proteins provides a new insight for structural and functional material design of amino acids-based polymers.
Furthermore, by compiling a database of chemical structures and structural properties of over 1,000 types of spider silk threads, the
high sensitivity to water, called hyper-shrinkage, exhibited by spider traction threads, and the amino acid sequences correlated with it
have been identified, enabling the development of artificial spider silk with excellent water resistance and degradation properties. The
author proposed to utilize SILKome, a comprehensive database of standardized measurement methods and material forms, for material
informatics (MI)-driven polymer material design and development. This approach is a highly effective research strategy that addresses
existing challenges with polymer databases. My goal is to design and study three types of biopolymers through facilitating MI-driven

material design of polymeric materials including fibers.
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Fig. 1 Schematic illustration of the spinning process of spider silk protein.
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L LT, Major Ampullate Spidroin (MaSp) 1. MaSp2. MaSp3
R EEBFEOME S VR ENEEND Z L BT LMNIC
LCEREYTW . b7 2 BRSNS MaSplidsh o
FREE . MaSp2l3f N H G535 Z & AHEI S Hu. MaSp2o>fi
WL, KT EOHEAFERHORETHL Z EE2H LML
TET-, HEEPHRELEY VORI ETF—F_N—2
“Spider Silkome” (https://spider—silkome. org/) |Z%
FENTWD T ERZ NI EOT I/ FEEES & B ILHE
DOHEEZR D &, MaSp2ll B ENDHLT I NE I & T v
-7 EF—TPNAEICEDOMBEZ R L, MaSp2)3 i
NEFEGTLEVOUMELEBETLE, ZbDETF—7
DARNDEZMEOEIZDBERIZR>TWDLZ ERREN
725 2 A E @D WEEITIE, ShbDETF—T %
BKPET 2 BBICREERT 5 2 & CL MiKkED ATV VS %
BT B2 EMAREL oo T,

72, FIERHRE. AHSARIRR O EREIL 2 b, #
KR OBRERAR I T ot 22 ERT L5720, KK
DU RO KBEE DT L L THLMILTE RS
B ZORER, 7 ERERERT DX 87 E T DMaSpl
WiRIMROBREAI THHPHOIR FE 2 AE R E Y Y
A A2 OEAIMT N TR BEE TR L, & OIRTIEAS/ N

S b LRI BRO~A 707 4 7V IVERKT
BHZENEASNE o725 6 WO = E . MaSpDONAR S
ERPpHOME NIC L Y ZE&b Ly xRy b T — 7 #ERN
TERL S D & 3RIT, CREMEE & F0 & L7 BeFIAN R —E A
TR FRT A0 THETH L LR L N ol T
NHOHBAZEIEN LT, 100%K% DF % FIEEHEE LT,

4. T—AR—REREIHFERET

7 RITENTSIENEN S | RIERBL DBy 13 &
LTHEEINTWS, LLLRRDL, 7ERDOERHEE L
e OFIBIIL, 18004 & OIFFEIE TH DI H
oL TOFEMAR S TRIEHER O A H TV e o7z,
HFA L, 7B RE2RERT 5 L0 2 o ) E i
BT D0 A=A Lkt &4, BINHE &V 9 K
IR LRI T DR DOIRE T I ) BRI % FE
L. AP BN oo v 7 2 BR% T 5 2 LISk L= 2,
TR, 7 EBRORBEIRICE S E . AT TREE
WA D 7o DI E oy RS, BERE, B KO SELA
BT 2368 2R & & bIT, kxR L BRI ED
T — 200 MR TERZTY H UMEERE 5 &
I BAGTMEHIBT 6~ T VT NA T4 T 4 7 AD
A eghmchbd s Fig 2) .

7 BRI B RHAR X OEEMBLLT. fEhic k-
THl xR ENDHERDR THLIBIELZ T LD LT
DRFRIRPEICRRI LT 5, T4, FHE E LT
TN—T1X, BB IS < BEEEE & R RRIREIR
BRI AET 5 2 & TR LN EERYEFRLEIC
L0 BEOMMEES I CERE BT T A O TR
T oA E R LY, #EZEAET (EPR) & MEEND
BTV T FEERAW, BRaATHEE & BR T e 7T 2
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Fig. 2 Schematic illustration of material dx project on biopolymer at Kyoto University.
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