[Grant-in-Aid for Transformative Research Areas (A) ] Expected Research Achievements
@ Quantitative target: "one-week operation" in real-world environments

Molecular Explorers: Adaptive Robots for Real-World Molecular Systems By FY2030, operate molecular robots continuously for one week in both
biological environments (inside mammals) and extreme environments

o Tohoku University, Graduate School of Engineering, Associate Professor (1000(:/100 atm, akin to deep._sea hydrOt.herr.nal V.ents)_t.:housands of times be.yond
f;'\gs'gg;tor current proqfs of concept. Thls enables in vivo d|ag.nost|cs, therapy/drug delivery,
NOMURA M. Shin-ichiro Researcher Number : 50372446 and exploration of harsh settings (space, deep sea, soil).
Project Number : 26A402 Project Period (FY) : 2026-2030 QTranSforming the research process: 10x acceleration of the DBTL CyCle
Project . , ) We accelerate the Design-Build-Test-Learn (DBTL) cycle more than tenfold by
Information | Keywords : %ﬁ';ﬁezlﬁi?]%t'ons" Real-World Operation; DBTL Cycle; Intelligent Matter integrating five planned groups, three support hubs, and Al-driven analysis—turning
- fragmented lab-by-lab work into systematic interdisciplinary research.
Purpose and Background of the Research ® Five planned research groups (Fig. 4) Aronas gino E01 Leader: I
e Outline of the Research What is Molecular Robot? A01 "Verification in biological environments™: @ (A Mo (informatics
. develops molecular robots with nucleic acids, Biology) Protein Eng.)

A molecular robot is an extremely small artificial BO1 Leader:
machine—about 1/100 the thickness of a human
hair—built from molecular components. Sensors,
processors, and actuators implemented at the
molecular scale execute tasks autonomously in

their environment (Fig. 1). Proposed by Japanese
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proteins and lipids for use inside organisms.
BO1 "Verification in extreme environments":
builds robots for 100°C/100 atm, dryness, and
seawater from modified molecules and artificial
nucleic acids.
CO01 "Materials & verification-device
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researchers in 2009, the field has grown through “Top-down Approach | Bottom-Up Approach > EOLS o
"Molecular Robotics" (2012-2017) and "Molecular *’:"ceTWE:W . um‘“:““m:t"d g:xgégﬁgﬁ?:s.:rii\;ieczzlgl)srnXeTaAt{c?I::'sq and & R 8K A"
Cybernetics" (2020-2025), with Japan leading integra‘t,isngn;?o?mlsno?‘ r#\%elgct:rllgr c?évices. "Molecular RObé)t Test Field" for auto;nation o Data e
the world (Fig. 2). However, demonstrations have ; - h : : hapsratien LSl
- g i Figure 1. Molecular robot concept D01 "Foundational models & design theory": in
been confined "to idealized lab conditions; ( ) derives design principles via cross-scale modelsl R
H H Roadmap originating from Japan(2009- - -

Irlnolecular robote have bee"n unable to function in Hohsselar : Biochemical Reaction coarse-grained MD to distributed-system theory.

real-world enV|ronmer_1ts where temperature, '%-[,‘,{;432 W o EO1 "Experimental automation, data )

pH, and salt concentration fluctuate continuously. e E - . P! g !

Wall of Scale i integration, AI analysis": accelerates DBTL

This is transdisciplinary basic research that takes il s
molecular robotics beyond proof of concept T
toward next-generation robots that thrive in real-

X00: Administrative/Steering Group

PRT:
Public Recruitment Team

with de novo protein design, lab automation, and

explainable/generative Al Figure 4. Five groups + three hubs
running the DBTL cycle

world settings. - o ® Three research support hubs

@ Creating "Molecular Robot Explorers (MolBot : Data Integration Hub: all data—successes & failures—as an Al-ready database.
EX)" with Self-X functions S - Peptide Synthesis Hub: designs & supplies functional peptides.
The key to autonomous, continuous operation in . | w Artificial Nucleic Acid Hub: supplies highly robust XNA/ functional artificial DNAs.
real-world environments is the Self-X functions: Cellular type -—>>> Multicellular type ?‘ehh“lbs let teag“tshf‘?C‘.JstO” ”t‘.e'r OV  r——
self-repair, self-adaptation, and self-stop (Fig. Achieved Proof of Concept(PoC) €chnologies and their INtEgration, acC pra it o) Toormetve L R
3)—drawing on living systems in vitro (in test tubes) -elerating area-wide development. xperiments

Figure 2. Molbot research field progression ® Academic transformation &

Self-repair regenerates damaged
components. at the molecglar level’ How can molecular robots thrive in the real world? &
self-adaptation senses environmental Sel-XTh .

. . e key to real-world operation
change and modifies behavior; self- Self-Assembly, Self-Organization
stop safely decomposes the robot when
its mission ends.

societal impact Siienine
A new discipline—"Intelligent ©o* ,
Matter Engineering"—integrates Dpiverse researchers Data integration &
H : : Information Science, Mechanical Al-driven design support
chemistr Y, P h ysics, biolo gY, Engineering, Chemistry, Physics,  Dramatically shortening ~Experimental automation systems,

Biology, Engineering, Ethics & Social development time through data analysis, and AI learning
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i i i speed/automation of the DBTLcycle  even failure data
Together these functions let molecular to engineer molecular information oo Robaes —— =
: : : processing, decision-making, and s O Molbot EX Implementation
robots keep working in fluctuating adaptive behavior. Applications: O emetis (2026-2030) (20305
i : . H Establishment of basic Ea Bty Real-world operation, [l Medical, environmental,
environments only as long as needed. Sonos comage or % i tra[z:ellular hedicine gnlf/ironmen ] oo o0 | | e oY e fnctos, RS
- . n earning functions adaptive types of IoNT (Internet of
Uniting researchers across chemistry, BerfomanCe Sensesenvironmental | | Detects ies and s ' dopive o o e
; ; : ; automatically restores optimizes behavior safely shuts down remediation, and extreme-
physics, biology, engineering, and | &ndtenaity accordingly. functions. ; ; Figure 5. Overview of the Research Area
inf ¥ . . nefineewhile- < environment exploration. :
Intormation science via a ‘rerine-while Responding flexibly to environmental changes and
running" process, we will create the maintaining sustainable operation while ensuring safety. molbot-ex.or
- . g
"Molecular Robot Explorers". Figure 3. “Self-X" capabilities of molecular Website(s) X(ex-Twitter): @MREX_PR_beta / Bluesky: @molbotex-pr
robots required for real-world exploration




