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Abstract

The concept of nanoarchitecture, as a post-nanotechnology methodology, can be defined as the construction of functional materials
from nanometer-sized units using a variety of materials processes. It is believed to be particularly well suited to the assembly of soft
materials that exhibit flexible and diverse structures and properties. To demonstrate its effectiveness, this review takes typical soft
materials, including liquid crystals, polymers, gels, and biological materials, as examples. The aims are to extract the properties that
emerge from them and to highlight the challenges that lie ahead. The examples also illustrate the potential applications, including
organic semiconductor devices, electrochemical catalysts, thin-film sensors, solar energy generation, plastic crystal electrolytes,
microactuators, smart light-responsive materials, self-repairing materials, enzyme cascade sensors, healing materials for diabetic
bone defects, and bactericidal materials. As can be seen from these examples, soft materials nanoarchitectonics offers a wide range
of material designs, specific functions, and potential applications. In addition, this review examines the current state and future of
soft materials nanoarchitectonics. As an overall conclusion, it is highly anticipated that soft materials nanoarchitectonics will
continue to develop significantly in the future.

Introduction

The growing interest in soft and responsive materials, collec-
tively known as “soft materials” [1-5], may be indicative of the
significant advancements made in materials science. In the past,
materials that were robust, rigid, and durable were esteemed.
Nevertheless, the significance of materials endowed with intelli-

gent capabilities that exhibit diverse responses to external stim-

uli is on the rise [6-10]. The field of materials chemistry is
undergoing a transition from a focus on hard, robust materials
to a greater emphasis on softer, more mouldable substances.
This shift is actually reasonable as observed in the evolution of
living organisms. From an alternative standpoint, living things

can be regarded as sophisticated soft functional systems,
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wherein multiple functions operate softly in concert and are
highly efficacious [11-15]. With the exception of the skeleton,
they can be considered to be almost soft materials systems. It
can be reasonably proposed that the mastery of materials
science in the context of soft functional materials will facilitate
the development of advanced functional systems that emulate
the characteristics of living organisms. This concept is not
limited to applications in biology, such as biomedical applica-
tions [15-20], but also extends to functional material systems
that address issues such as energy [21-25] and environment [26-
30].

The creation of such soft functional materials has been fostered
alongside the advancement of science disciplines such as
organic chemistry [31-35], polymer chemistry [36-40], and ma-
terials chemistry [41-44]. Consequently, soft materials, includ-
ing polymers [45-49], liquid crystals [50-54] and gels [55-59],
have been developed. Technologies that facilitate the conver-
sion of these materials, not limited to typical soft materials, into
more advanced assemblies include self-assembly via supramo-
lecular chemistry [60-64], the creation of metal-organic frame-
works (MOFs) through coordination chemistry [65-69], and the
synthesis of covalent organic frameworks via polymer chem-
istry [70-74]. In particular, some thin-film techniques based on
interface science are useful for the deliberate and rational
assembly of ordered aggregated membrane structures. This is
exemplified by the development of methods such as self-assem-
bled monolayers (SAMs) [75-79], Langmuir—Blodgett (LB)
method [80-84], and layer-by-layer (LbL) assembly [85-89].
The science and technology of creating and structuring soft ma-
terials has advanced in parallel with the growing demand for the

development of more sophisticated functional materials.

Concurrently with the transition from hard to soft, there is also a
significant trend in the advancement of materials sciences from
the macroscale to the nanoscale. In other words, the ability to
control the structures of materials at the nanoscale (i.e., atomic
and molecular) is becoming increasingly important in the devel-
opment of functional materials [90-94]. Even for the same ma-
terial, alterations to its internal or assembly structure can result
in significant changes to its functionality. Furthermore, as evi-
denced by quantum materials such as quantum dots [95-99], the
nanoscale of size and dimensions can result in properties that
are not attainable with bulk materials. In other words, the key to
developing functionality and improving properties lies in
controlling the nanostructure in addition to the creation of the

materials themselves.

The advent of nanotechnology has facilitated the ability to
access actual nanostructures. The latest advances in nanotech-

nology have made it possible to observe structures at the atomic
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and molecular level [100-104], to manipulate them [105-109],
and to evaluate the physical properties of these nanostructures
and nanospaces [110-114]. Concurrently, significant develop-
ments in the fabrication of functional materials and devices
through microfabrication and nanofabrication have also contrib-
uted to technological innovation [115-119]. The advances in
nanotechnology and the integration and functionality of objects
in materials science have developed independently, yet they
share a similar meaning. It is now appropriate to consider them

together.

The concept of nanoarchitectonics, defined as a post-nanotech-
nology methodology [120], fulfils this role. Similarly as
Richard Feynman established the foundations of nanotechnolo-
gy in the mid-20th century [121,122], Masakazu Aono pro-
posed the concept of nanoarchitectonics [123,124] at the
threshold between the 20th and 21st centuries. Nanoarchitec-
tonics can be defined as the construction of functional materials
from nanoscale units using a variety of materials processes
(Figure 1) [125]. It is evident that the integration of knowledge
and technology from both nanotechnology and materials
sciences is imperative. Nanoarchitectonics may be regarded as a
convergence of nanotechnology and materials sciences [126-
128]. The construction of functional materials is achieved
through the utilization of atomic, molecular, and nanoscale
constituents, employing a range of techniques derived from the
fields of nanotechnology and materials science [129]. The
architectonics of functional materials is achieved through the
selection and combination of a range of techniques, including
the manipulation of atoms and molecules, physical and chemi-
cal material transformation, self-assembly and self-organiza-
tion, orientation and organization by external forces and fields,
micro- and nanoscale fabrication, and biochemical processes.
The nanoarchitectonics method is particularly suited to the
creation of asymmetric and hierarchical structures [130] due to
the wide variety of processes that can be employed. In principle,
all materials are composed of atoms and molecules, and thus,
this methodology can be applied to the creation of all materials.
If the ultimate theory of physics is the theory of everything
[131], then nanoarchitectonics could be said to be the method
for everything in materials science [132,133].

As previously outlined, nanoarchitectonics represents the
convergence of nanotechnology and materials sciences, encom-
passing a vast array of disciplines. These include, but are not
limited to, both hard and soft materials. The research objectives
and applications of nanoarchitectonics are diverse. The term
“nanoarchitectonics” has been used in the titles of numerous
publications across a range of disciplines. They range from the
creation of functional materials [134-138] and the control of

structures [139-143], elucidation and understanding of physical

1026



20th Century

Materials Science-Related Fields )
and Other Science and Technology

Post-Nanotechnology Concept

Beilstein J. Nanotechnol. 2025, 16, 1025-1067.

21st Century

Method for Everything in Materials Science

s

Nanoarchitectonics Methodology

~

Biochemical Process
and so on

Manipulation of Atoms and Molecules
Physical and Chemical Material Transformation
Self-Assembly and Self-Organization
Orientation and Organization by External Forces and Fields
Micro- and Nano-Level Fabrication

Targets in This Review

3

Nano-Units
Atom
Molecule
Nano-Objects

N

Soft Materials
Liquid Crystals

Functional Polymers

Materials & Gels

Systems Biological Materials
Others

Figure 1: Outline of nanoarchitectonics concept: construction of functional materials from nanoscale units using a variety of materials processes.

phenomena [144-148], and applications in the field of funda-
mental biochemistry [149-153]. Nanoarchitectonics is also used
in the development of chemical catalysts [154-158], photocata-
lysts [159-163], sensors [164-168], biosensors [169-173],
devices [174-178], solar cells [179-183], fuel cells [184-188],
batteries [189-193], supercapacitors [194-198], and other
energy applications [199-203]. Furthermore, it is employed in
environmental remediation [204-208], drug delivery [209-212],
tissue engineering [213-217], and medical applications [218-
222].

It seems reasonable to posit that nanoarchitectonics will make a
significant contribution to the field of soft materials science.
This is due to the fact that the methods employed in nanoarchi-
tectonics are highly flexible. Thus, it is believed to be particu-
larly well suited to the assembly of soft materials that display
flexible and diverse structures and properties. Furthermore, it is
intriguing to examine the advancements in materials sciences,
spanning from hard to soft and from the macroscale to the nano-

scale, upon relations with soft materials and nanoarchitectonics.

However, the diversity of soft materials is such that it is virtu-
ally impossible to provide a comprehensive overview within a
small review article. Accordingly, this review takes typical soft
materials, including liquid crystals, polymers, gels, and biologi-
cal materials, as examples, and selects and explains papers that
claim to describe nanoarchitectonics in those fields or papers
that are suitable for supplementing them. Additionally, it
includes several examples that do not fall within the aforemen-
tioned categories but demonstrate distinctive innovation. It is
not the intention of this review to encompass all fields and ex-
amples. Rather, it aims to select a number of examples, extract
the characteristics that emerge from them, and highlight the
challenges that lie ahead. These examples are roughly catego-
rized by types of materials and their assemblies that are further
grouped with application types. However, materials, assemblies,
and applications are always integrated, and thus flows and
orders of the examples are not simple. In addition, research
progresses on liquid crystals, polymers, gels, and biological ma-
terials have different features that cannot be unified in one way.

Therefore, this review emphasizes their varieties and diversities
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rather than summarizing in simply unified story patterns. By
employing such methods, it will examine the present state and

future of soft materials nanoarchitectonics.

Review

Liquid crystal nanoarchitectonics

Liquid crystals are an attractive form of soft materials, charac-
terized by a combination of moderate fluidity and orientation
[223-225]. They exhibit a high degree of diversity with regard
to both the type of phase and the size of the regular structures.
Furthermore, they include a high degree of responsiveness to
external stimuli. The nanoarchitectonics of liquid crystal struc-
tures offers significant potential for the development of stimuli-
responsive materials and functional substances, which would be
highly beneficial for advancing materials science. The
following section presents a selection of research studies that
illustrate the potential of liquid crystals as a promising avenue
of investigation in the field of soft materials nanoarchitectonics.

Discotic liquid crystal molecules are constituted of flat discotic
cores attached to flexible aliphatic alkyl chains. The ability to
control the assembly structures of these molecules is crucial for
the development of a range of functional materials. It is
frequently observed that discotic liquid crystal molecules
assume a columnar phase as a consequence of m— stacking be-
tween the m-conjugated discotic cores. The self-organization at
the molecular film level offers significant potential for a range
of applications. The precise separation and alignment of
m-conjugated discotic liquid crystal molecular nanowires repre-
sents an attractive area of research. Kumar, Nayak, and
colleagues investigated an approach to control the structure of
discotic liquid crystal molecular nanowires by manipulating the

subphase temperature and surface pressure in a Langmuir
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monolayer system (Figure 2) [226]. The LB technique repre-
sents a powerful methodology that allows for effective control
over the assembly of molecular-sized thicknesses. At low tem-
peratures, the molecular nanowires coalesce, whereas, at high
temperatures, the nanowires separate to form interconnected
networks. The compression of the thin-film structure on the
water surface resulted in the transformation of the network into
a compact and highly uniform monolayer. At a temperature of
5 °C, the molecules formed islands with a high degree of densi-
ty. At 40 °C and 10 mN-m™, a network of separated nanowires
was observed. As the surface pressure increased, the separated
nanowires exhibited a tendency to come closer together, ulti-
mately forming a nanowire network. At a higher surface pres-
sure of 40 mN-m~!, the nanowires exhibited a tendency to come
closer together, resulting in the formation of a compact and
uniform monolayer. The interfacial nanoarchitectonics method
of separating nanowires will undoubtedly prove invaluable for
the separation of other 1D organic nanosystems, including
nanotubes, nanowires, and nanoribbons.

Mishra, Nayak, and colleagues conducted a comprehensive
analysis of the effects of surface pressure on the molecular
organization of a monolayer of heterocoronene-based discotic
liquid crystals (Figure 3) [227]. The molecules were dispersed
on water and formed floating domains at the air—water interface
in the absence of applied pressure. The aggregates were consti-
tuted by small molecular units, with their alkyl chains oriented
towards the air phase. Upon compression, the domains merged
to form a coherent monolayer. The monolayer was observed to
undergo irreversible structural changes, occurring through
mechanisms such as loss of monolayer by desorption and local
nucleation of defects. In terms of morphology, the nanoscale

structure of the monolayer underwent a transformation from a

At the Air-Water Interface

40°C, 40 mN/m

Figure 2: Nanoarchitectonics of discotic liquid crystal molecular nanowires by manipulating the subphase temperature and surface pressure in a
Langmuir monolayer system at the air—water interface. Figure 2 was adapted with permission from [226], Copyright 2024 American Chemical Society.

This content is not subject to CC BY 4.0.
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Figure 3: Effects of surface pressure on the molecular organization of a monolayer of heterocoronene-based discotic liquid crystals with transition
from a closely packed nanowire domain to fragmented wire segments. Figure 3 was used with permission of The Royal Society of Chemistry, from
[227] (“Deciphering pressure-induced nanoarchitectonics in a monolayer of heterocoronene-based discotics at air—water and air—solid interfaces” by
N. Kumar et al., Soft Matter, vol. 19, issue 8, © 2023); permission conveyed through Copyright Clearance Center, Inc. This content is not subject to

CC BY 4.0.

randomly oriented nanowire configuration to a closely packed
nanowire domain as the surface pressure increased. Ultimately,
this transition culminated in the formation of fragmented wire
segments that diffused locally on the film. These findings may
offer insights into the fabrication of controllable nanoarchitec-
tures of bipolar discotic liquid crystal molecules and their two-
dimensional films. The structure and quality of the films are
pivotal parameters for any molecular electronics application,
thus making them indispensable for the development of nano-
scale electronic devices. In particular, these findings on the con-
trolled self-assembly of heterocoronene discotic liquid phase
molecules can also serve as an excellent case study for intermo-
lecular interactions in bulky molecular systems. Based on mo-
lecular nanoarchitectonics, this will facilitate the establishment
of design rules for optimal performance in device applications.

Extended m-conjugated compounds, including oligoacenes and

oligothiophenes, exhibit excellent carrier transport properties in

the aggregated state, rendering them promising candidates for
use as organic semiconductors. It can be posited that liquid
crystal compounds incorporating extended m-conjugated cores
may be considered as liquid crystal semiconductors that exhibit
anisotropic conduction of electronic charge carriers. The effi-
cient transport of electronic carriers has been confirmed in
nematic, chiral nematic, smectic, and columnar phases. It has
been demonstrated that liquid crystals comprising extended
m-conjugated units and polar moieties can exhibit ferroelectric
behavior and electronic carrier transport properties. The corre-
sponding materials have been the subject of investigation for
potential applications in electroluminescent devices, field-effect
transistors, and solar cells [228-232]. To investigate the poten-
tial of chiral nanoarchitectonics in such applications, Funahashi
and colleagues synthesized two diastereomers comprising iden-
tical m-conjugated units [233]. The diastereomers exhibited
disparate structural characteristics and properties (Figure 4).

One of these diastereomeric molecules had a smectic crystal

cooling cooling

O\/’(
WHW

s I \__s

/\/\/\/\/\o»\(o\@/ L s‘ ) ﬂo\’K/\/\

+E/

I‘\ \\ "«\

\‘\\\

s

HT phase

i"""/
//////

LT phase

LT phase

Figure 4: Chiral nanoarchitectonics with m-conjugated units to form a smectic crystal phase with the chromophore tilted at 45° by applying a DC bias
during cooling from the high-temperature phase to the smectic crystal phase. Figure 4 was reproduced from [233] (Y. Matoba et al., “Diastereomeric

Effect on Bulk Photovoltaic Property and Polarized Electroluminescence in Ferroelectric Liquid Crystals Containing an Extended m-Conjugated Unit”,
Bull. Chem. Soc. Jpn., 2023, vol. 96, issue 3, pages 247256, https://doi.org/10.1246/bcsj.20230011); by permission of Oxford University Press on

behalf of the Society. © 2023 The Chemical Society of Japan. This content is not subject to CC BY 4.0.
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phase that had a tilted chromophore (the part that gives the mol-
ecule its color) at 45° from the layer normal. This tilted chromo-
phore caused a macroscopic polarization (a change in the elec-
tric field) when a direct current (DC) bias was applied during
cooling from a high-temperature phase to a smectic crystal
phase. By contrast, the other diastereomer exhibited a smectic
crystal phase in which the chromophore was parallel to the layer
normal and no macroscopic polarization was induced. Bulk
photovoltaic effects and polarization-induced electrolumines-
cence were exclusively observed in the polarized smectic
crystal phase with the chromophore tilted from the layer
normal. It is conceivable that the bulk photovoltaic effect could
result in the generation of an open circuit voltage that exceeds
the bandgap of the active layer. Furthermore, the bulk photo-
voltaic effect in the tilted smectic crystal phase, with the addi-
tion of fullerene derivatives, was also investigated. The emis-
sion was linearly polarized with a dichroic ratio exceeding ten
for the polarization-induced electroluminescence observed in
the tilted smectic crystal phase. Reversing the polarity of the
poling treatment enabled the axis of linearly polarized electrolu-
minescence to be rotated by 90°. These findings suggest that the
molecular chirality, in conjunction with the tilted orientation of
the chromophores within the liquid crystal molecules, induces a
macroscopic electric polarization, resulting in a bulk photo-
voltaic effect and polarization-induced electroluminescence.

The transport of both holes and electrons in various liquid
crystal phases of semiconductors represents a fascinating area
of research [234-236]. The use of liquid crystal semiconductors

\ /S \
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in the construction of lightweight organic electronic devices, in-
cluding thin-film field-effect transistors, light-emitting diodes
and solar cells, represents a promising avenue of research. Four
liquid crystal compounds were synthesized by Seki et al., incor-
porating phenyl terthiophene-extended m-conjugation and chiral,
branched alkoxy chains (Figure 5) [237]. The compounds
exhibited ferroelectric chiral smectic C, and ordered smectic
phases. The purpose of this research was to examine how these
chiral units contribute to electrical functions. A specific, non-
scattering photocurrent decrease was observed in the organized
smectic phase of liquid crystal substances containing (R)-3-
octyloxy groups as chiral components. A bulk photovoltaic
effect driven by ferroelectric properties was observed in the
polarized structure of the chiral ordered smectic phase. The
effective stabilization of the polarized structure contributed to
improving the output performance of the bulk photovoltaic
effect. Observations were made in liquid crystal cells contain-
ing both compounds, revealing that the compounds within the
chiral ordered smectic phase, in a polarized state, demonstrated
the ferroelectric bulk photovoltaic effect, which resulted in a
photocurrent with no applied bias. The reported outcomes can
be beneficial for enhancing the performance of the ferroelectric
bulk photovoltaic effect in organic ferroelectric m-conjugated
compounds, thereby potentially accelerating the creation of
next-generation organic thin-film sensors and photovoltaics.

Liquid crystal nanoarchitectonics is not merely concerned with
the manipulation of liquid crystal structures; it also encom-
passes the transfer of such structures to alternative materials,

= C6H13 ’ R3 = CH3

Figure 5: Liquid crystal compounds with phenyl terthiophene extended m-conjugation incorporating chiral, branched alkoxy chains to display ferroelec-
tric chiral smectic C (at 142 °C, left image) and ordered smectic phases at 90 °C (middle image) and 40 °C (right image). Figure 5 was reproduced
from [237] (A. Seki et al., “Ferroelectric Photovoltaic Effect in the Ordered Smectic Phases of Chiral m-Conjugated Liquid Crystals: Improved Current-
Voltage Characteristics by Efficient Fixation of Polar Structure”, Bull. Chem. Soc. Jpn., 2023, vol. 96, issue 11, pages 12241233, https:/doi.org/
10.1246/bcsj.20230185); by permission of Oxford University Press on behalf of the Society. © 2023 The Chemical Society of Japan. This content is

not subject to CC BY 4.0.
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thereby influencing their nanostructure [238-240]. Metal oxides
of earth-abundant elements are of significant importance in the
fabrication of active electrodes for a range of electrochemical
applications. However, it is not always the case that these mate-
rials adopt the desired nanostructure. Dag and colleagues fabri-
cated CaFe,Oy4 thin-film electrodes on graphite rods via a
molten salt-assisted self-assembly process (Figure 6) [241]. The
presence of two salts and two surfactants ensures the stability of
the lyotropic liquid crystal mesophase even at elevated salt con-
centrations. The calcium and iron salts act as eutectic solvents,
facilitating the assembly of surfactants into the lyotropic liquid
crystal phase. Additionally, they can be employed as precursors
to produce CaFe,Oy thin films upon calcination. The resulting
transparent solution is coated and subjected to calcination/
annealing to form mesoporous thin films. The mesoporous films
display excellent performance in the oxygen evolution reaction.
It would be beneficial to extend the findings of this study to
explore the nanoarchitectonics of other mesoporous metal
oxides in electrocatalytic electrodes.

Additionally, there are nanoarchitectonics examples that couple
liquid crystal structure control with other functions, such as ca-
talysis. Mavrikakis, Abbott, and colleagues have reported the
rapid and reversible microactuation of liquid crystals based on
the surface catalysis of H, and O, at room temperature on a late
transition metal alloy film (Figure 7) [242]. The reaction of
gaseous hydrogen and oxygen, catalyzed by a Pd/Au surface, is
employed to rapidly and reversibly alter the orientation of liquid
crystals at room temperature. The dissociative adsorption of
hydrogen on the palladium/gold film results in the reduction of
pre-adsorbed oxygen and the generation of adsorbed hydrogen.
This process causes the nitrile-containing liquid crystal to
undergo a change in alignment, from vertical to planar. Subse-

quently, exposure to oxygen oxidizes the adsorbed hydrogen,

Beilstein J. Nanotechnol. 2025, 16, 1025-1067.

reforming the adsorbed oxygen on the Pd/Au surface and
restoring the liquid crystal to its initial alignment. The motion
of the liquid crystal can be controlled by exposure to gas mix-
tures of Hy and O, with varying compositions. In other words,
chemical energy and catalysis can be used to reversibly move
functional liquid crystals at the microscale. The chemical fuels’
energy density is significantly higher than that of current
batteries, by at least two orders of magnitude, making chemical-
ly powered liquid crystal microactuators a promising option for
actuation in autonomous systems such as microrobotics. Provid-
ing chemical energy to power mobile microsystems can poten-
tially eliminate the requirement for intricate wiring that comes
with electrical actuation.

The hybrid nanoarchitectonics of liquid crystals and stimuli-
responsive molecules or polymers represents a promising
avenue for the development of soft functional materials. In par-
ticular, the incorporation of photoswitchable molecules and
polymer systems can result in the creation of intelligent
photoresponsive materials. In a recent review, Seki presented an
overview of research activities utilizing azobenzene-containing
monolayers and liquid crystal polymer films [243]. The linking
of azobenzene molecules to liquid crystal and polymer systems
has enabled the realization of a number of fascinating new
motional functions. The use of photostimulation is advanta-
geous in terms of functionality, as it enables the generation of
multiple types of information simultaneously without the need
for direct contact. When linearly polarized light is applied, the
excitation of condensed molecules can be directional. The ori-
entation of molecules can be induced by directional photostimu-
lation. The utilization of liquid crystal materials results in the
manifestation of pronounced molecular orientation, which is
attributable to the pronounced molecular cooperativity, thus

giving rise to a substantial orientation order (Figure 8A).
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Figure 6: Nanoarchitectonics of CaFe>O4 thin-film electrodes on graphite rods via a molten salt-assisted self-assembly process (left) with excellent
performance in the oxygen evolution reaction (right). Figure 6 was reproduced from [241] (© 2023 H. A. Raza et al., published by ACS, distributed
under the terms of the Creative Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0).
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Figure 7: Rapid and reversible microactuation of liquid crystals based on the reaction of gaseous hydrogen and oxygen catalyzed at the Pd/Au sur-
face. Figure 7 was reproduced from [242], H. Yu et al., “Actuating Liquid Crystals Rapidly and Reversibly by Using Chemical Catalysis”, Advanced
Materials, with permission from John Wiley and Sons. Copyright © 2024 Wiley-VCH GmbH. This content is not subject to CC BY 4.0.

Furthermore, the trans/cis photoisomerization of azobenzene As a consequence of this substantial molecular amplification,
monolayers can be amplified to the material level. Azobenzene the surface is occasionally designated a “command surface” or
molecules present at the molecular level on a substrate can alter ~ “command layer”. Furthermore, other dynamic optical func-
the orientation of nematic liquid crystals over a micrometer- tions are being investigated, including photomechanical motion

level thickness in the overlying liquid crystal cell (Figure 8B). utilizing block copolymer monolayers, morphological

(A) (B)
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Figure 8: Intelligent photoresponsive materials systems utilizing azobenzene-containing monolayers and liquid crystal polymer films: (A) pronounced
molecular orientation with the pronounced molecular cooperativity upon application of linearly polarized light; (B) the orientation of nematic liquid crys-
tals over a micrometer-level thickness in the overlying liquid crystal cel upon the trans/cis photoisomerization of azobenzene monolayers. Figure 8
was reproduced from [243] (T. Seki et al., “Surface-mediated dynamic cooperative motions in azobenzene polymer films”, Bull. Chem. Soc. Jpn.,
2024, vol. 97, issue 1, bcsj.20230219, https://doi.org/10.1093/bulcsj/bcsj.20230219); by permission of Oxford University Press on behalf of the
Society. © The Author(s) 2023. Published by Oxford University Press on behalf of Chemical Society of Japan. All rights reserved. This content is not
subject to CC BY 4.0.
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switching, photoinduced mass transfer, and polymer motion via
Marangoni flow. It is possible to extend this series of photore-
sponsive properties to other photochromic molecules and poly-
mers. This methodology will be of interest for a variety of smart
molecular system devices and smart applications.

Plastic crystals are materials that exhibit both order and a flex-
ible structure [244-247], similar to that observed in liquid crys-
tals. Plastic crystals are composed of three-dimensional crystal
lattices that are regularly aligned along the long molecular axis.
However, at the level of molecular species or molecular ions,
there is orientational and rotational disorder. These materials are
distinguished by their high degree of plasticity and diffusivity.
In the case of ionic compounds, this results in the formation of
an ion-conducting phase, rendering them an intriguing material
for use as a transport field for target ions. The following exam-
ples illustrate the potential of nanoarchitectonics based on
plastic crystals.

Solid electrolytes can be used safely in secondary magnesium
batteries but show lower ionic conductivity compared to
conventional liquid electrolytes. A class of solid electrolyte
known as organic ionic plastic crystals exhibits exceptional
thermal stability, electrochemical stability, and ionic conduc-
tivity, making it a promising option. Yoshizawa-Fujita and
co-authors investigated the impact of anion species and Mg salt
concentration on the characteristics of pyrrolidinium-based
organic ionic plastic crystals. The aim of this research was to
create a new solid electrolyte made of organic ionic plastic crys-
tals with magnesium salt incorporated for the use in next-gener-
ation secondary batteries (Figure 9) [248]. A series of organic
ionic plastic crystal/Mg salt composites were prepared with
varying magnesium salt concentrations, and their thermal and
electrochemical properties were subsequently evaluated. The
utilization of the bis(fluorosulfonyl)amide anion is pivotal to the
reversible redox reaction of Mg. The employment of bis(fluoro-
sulfonyl)amide as the anion in both the organic ionic plastic
crystals and the Mg salt resulted in an enhancement of the redox
properties. The bis(fluorosulfonyl)amide structure is well-suited
to Mg electrochemistry and will be instrumental in the advance-
ment of high-performance secondary Mg batteries.

As previously stated, organic ionic plastic crystals show
promise as new organic solid electrolyte materials. However,
their practical application remains elusive due to insufficient
mechanical strength and ionic conductivity. Yoshizawa-Fujita
and colleagues introduced a lithium salt, lithium bis(fluorosul-
fonyl)amide, and an inorganic solid electrolyte, LiyLa3Zr,O;
(LLZO), into the organic ionic plastic crystal N,N-diethylpyrro-
lidinium bis(fluorosulfonyl)amide [249]. The fabricated

organic—inorganic hybrid solid electrolyte underwent a series of
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Figure 9: A solid electrolyte consisting of organic ionic plastic crystals
with added magnesium salt for secondary Mg batteries where the
utilization of the bis(fluorosulfonyl)amide anion is pivotal to the revers-
ible redox reaction of Mg. Figure 9 was reproduced from [248] (© 2024
Y. Hirotsu et al., published by Oxford University Press on behalf of the
Chemical Society of Japan, distributed under the terms of the Creative
Commons Attribution-NonCommercial 4.0 International License,
https://creativecommons.org/licenses/by-nc/4.0/). This content is not
subject to CC BY 4.0.

evaluations, including thermal, mechanical, and electrochemi-
cal analyses, with the objective of elucidating the factors that
influence the electrolyte properties. The findings demonstrated
that, in general, the solids displayed remarkable thermal
stability and exhibited high plasticity and ionic conductivity
across a broad temperature range. It has been proposed that the
formation of disordered interfaces of organic ionic plastic crys-
tals/Li on LLZO particles enhances the ionic conductivity. In
systems with disordered interfaces, an increase in the amount of
additive results in a reduction in the distance between particles
and a gradual interconnection of the interfaces, thereby
enhancing the ionic conductivity. However, above the percola-
tion threshold, the additive particles begin to overlap, resulting
in the formation of isolated, disordered interfaces and an
increase in the volume of less conductive material. Accordingly,
the highest value of ionic conductivity is observed at moderate
concentrations of LLZO. Furthermore, the incorporation of
LLZO has been observed to enhance the nanoindentation stiff-
ness of the composite. These findings suggest that the applica-
tion of organic ionic plastic crystals as solid electrolytes is
feasible when the concentrations of lithium salt and LLZO are

optimized.

Liquid crystals are an appealing category of soft materials that
exhibit a combination of moderate fluidity and order. Liquid
crystals can serve as a fundamental component in the field of
soft materials nanoarchitectonics, particularly in the develop-
ment of stimuli-responsive materials. As seen in the repre-

sented examples, these materials possess flexible structures
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while exhibiting physical properties based on an ordered struc-
ture. Additionally, they are advantageous for expressing diverse
dynamic physical properties, including stimuli responsiveness
and carrier mobility. Liquid crystals and plastic crystals can
serve as valuable design platforms for soft materials nanoarchi-
tectonics.

Polymer nanoarchitectonics

Polymers exhibit a range of mechanical properties, including
those that render them malleable and pliant, thus making them
suitable for utilization as soft materials. Moreover, there is a
substantial history of polymer synthesis and development, and
chemical design is also a viable avenue of research [250-254].
Additionally, a range of biopolymers can be derived from
natural sources. Moreover, techniques such as LbL. assembly
can be employed to organize polymers and a range of other ma-
terials into layers [255-259]. Polymer materials are of signifi-
cant value as components of soft materials, and can be em-
ployed in the creation of a vast array of structures. The
following section will present examples of research into

polymer-based soft materials nanoarchitectonics.

The development of films with mesoscopic levels of organiza-
tion, which involve redox-active molecules, is a significant area
of focus within the field of polymer nanoarchitectonics. These
mesostructured materials have the potential to be used in a
variety of applications, such as electrocatalysis, electronic
devices, and electrochemical energy conversion and storage.
Marmisollé and colleagues conducted research on
“electrochemical nanoarchitectonics through polyaminobenzyl-
amine—dodecyl phosphate complexes” and proposed a straight-
forward strategy for modifying electrode surfaces with self-
assembled polyelectrolyte—surfactant complexes (Figure 10)
[260]. The complex structures consist of polyaniline appended
with amino groups and monododecyl phosphate. The intricate
films were produced using a spin coating method. The films
displayed distinct lamellar structures, resulting from the strong
interactions between the phosphate groups of the complexes and
the positively charged ammonium groups of the polyelectrolyte.
The alignment of lamellae in a parallel orientation to the sub-
strate is significantly influenced by the percentage of surfactant
present. An increase in surfactant concentration results in the
formation of more ordered, hydrophobic coatings, while the in-
corporated polymers retain their electroactive properties. Ion
transport through the film is still possible. Nanoarchitectonics
polymer composite films can incorporate bioelectroactive pro-
teins such as glucose oxidase. The high hydrophobicity
provides an optimal environment for membrane or membrane-
associated proteins, thus paving the way for new bio-nanoarchi-
tected devices. In particular, they can serve as electroactive

components in sensing and energy devices.
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Figure 10: Electrochemical nanoarchitectonics for the chemical modifi-
cation of electrode surfaces with self-assembled electroactive poly-
electrolyte—surfactant complexes composed of amino-appended
polyaniline and monododecyl phosphate. Figure 10 was used with
permission of The Royal Society of Chemistry, from [260] (“Electro-
chemical nanoarchitectonics through polyaminobenzylamine—dodecyl
phosphate complexes: redox activity and mesoscopic organization in
self-assembled nanofilms” by A. Lorenzo et al., Phys. Chem. Chem.
Phys., vol. 20, issue 11, © 2018); permission conveyed through Copy-
right Clearance Center, Inc. This content is not subject to CC BY 4.0.

Furthermore, a unit-by-unit construction on solid surfaces to
form end-on polymer arrays has been documented in the litera-
ture [261,262]. In contrast to edge-on and face-on orientations,
end-on uniaxial conjugated polymers have the potential to
provide macroscopic crystalline films. Nevertheless, the fabri-
cation of these materials has proven challenging using conven-
tional methods, largely due to the slow thermodynamic equilib-
rium. In response, Li and colleagues published a research paper
entitled “Nanoarchitectonics on Electrosynthesis and Assembly
of Conjugated Metallopolymers." In this method, they achieved
nanoarchitectonics of end-on conjugated metallopolymers
through surface-initiated one-by-one electrochemical addition
and assembly of bifunctional monomers with electroactive
redox units under alternating positive and negative potentials
(Figure 11) [263]. The synthesis of uniaxial end-on conjugated
metallopolymers in centimeter-sized domains was successfully
achieved. SAMs of Ru complexes were employed as assembly
templates to direct the topochemical addition of repeating
monomers. The polymer is extended in discrete steps through
the oxidation of units such as thiophene and pyrene, and the
reduction of alkynyl units. The same reaction is then repeated in
order to repair any unreacted sites on the SAM, thereby

ensuring maximum repeat coverage on a dynamic and statis-
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Figure 11: Nanoarchitectonics on electrosynthesis and assembly of conjugated metallopolymers to produce end-on conjugated metallopolymers
through surface-initiated one-by-one electrochemical addition and assembly of bifunctional monomers with electroactive redox units under alternating
positive and negative potentials. Figure 11 was reproduced from [263], Y. Li et al., “Nanoarchitectonics on Electrosynthesis and Assembly of Conju-
gated Metallopolymers”, Angew. Chem. Int. Ed., with permission from John Wiley and Sons. Copyright © 2023 Wiley-VCH GmbH. This content is not
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tical basis. This nanoarchitectonics approach enables the
assembly of polymer arrays on substrates with uniform sub-
nanometer morphology, ultrahigh modulus, and high conduc-
tivity. The optical and electrical on/off response of the fabri-
cated structures is length-dependent. For example, the switching
current under light illumination increases with increasing mo-
lecular length and monolayer thickness. Furthermore, the tech-
nique has the potential to be automated, which would facilitate
its use as an assembly or printing technique. Consequently, it
will contribute greatly to the miniaturization of organic materi-
als and devices, including computing, sensing, diodes, transis-

tors, and optical switches.

The nanoarchitectonics of objects such as gold nanorods can
also be performed with the assistance of polymer chains.
Having precise control over the spatial arrangement of gold
nanorods presents substantial benefits in the creation of plas-
monic systems. Achieving dynamic control over the spatial con-
figuration of gold nanorods is often quite difficult. Ijiro,
Mitomo, and colleagues have proposed a strategy for the
dynamic control of uniformly aligned thermoresponsive gold
nanorods on solid substrates via the application of polymer
brushes (Figure 12) [264]. Cationic gold nanorods and thermo-
responsive gold nanorods are attached to anionic polymer
brushes through moderate electrostatic forces, resulting in verti-
cally aligned arrays of gold nanorods. The polymer brushes
consist of alkyl-terminated hexaethylene glycol derivatives,
functioning as thermoresponsive ligands. Upon heating, the

gold nanorods assemble within the polymer brushes, main-

taining their vertical orientation. Upon cooling, the system
reverts to its original state. It was demonstrated that the gold
nanorods are capable of significant lateral diffusion, exhibiting
a considerable distance of movement. Hybrid materials com-
prising anisotropic nanoparticles and polymer brushes were de-
signed and subjected to dynamic control. Consequently, rod-
shaped gold nanoparticles have been the subject of consider-
able interest with regard to their potential use in optical
antennas, sensitive biosensors, and medical applications. This is
due to their strong plasmonic absorption in the visible—near in-
frared region, which is caused by electronic vibrations along the
main axis. Given that the plasmonic properties of these parti-
cles are contingent upon their spatial configuration, it is simi-
larly crucial to regulate the distance and orientation between the
gold rod particles when designing plasmonic systems. This ap-
proach also offers a versatile platform for the development of

advanced plasmonic devices.

The field of polymer reactions has made significant advance-
ments in the precise synthesis of desired polymer structures
[265-269]. These polymers are anticipated to play a pivotal role
in soft materials nanoarchitectonics. While the control of me-
chanical properties by polymer design has been a significant
area of interest, mechanochemistry of polymers and related
molecules has recently emerged as a field of growing scientific
and industrial interests [270-273]. The development of
mechanochromic polymers, which display optical changes in
response to mechanical stress, is expected to have a substantial

influence across multiple fields. Mechanical forces applied to
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Figure 12: Nanoarchitectonics for the dynamic control of uniformly aligned thermoresponsive gold nanorods on solid substrates using polymer
brushes in which, upon heating, the gold nanorods assemble within the polymer brushes, maintaining their vertical orientation and the system reverts
to its original state by cooling. Figure 12 was reproduced from [264] (© 2024 J. Yang et al., published by Oxford University Press on behalf of the
Chemical Society of Japan, distributed under the terms of the Creative Commons Attribution 4.0 International License, https://creativecommons.org/

licenses/by/4.0).

materials can be visualized using these tools, and they can also
be employed to aid in detecting damage, thus preventing signifi-
cant harm to materials. They are capable of offering a diverse
range of information, encompassing everything from the nano-
scale to the macroscale. Otsuka and associates are involved in
the precise design of mechanochromic polymers based on
radical dynamic covalent chemistry, with the goal of conferring
custom chromic properties to polymer materials. A recent
review article discusses the characteristics and possible uses of
radical chemistry (Figure 13) [274]. Radical dynamic covalent

chemistry encompasses straightforward homolysis and

Radical-type Mechanochromophore

Force

radical-radical coupling reactions, which give rise to
discernible color alterations without the necessity for catalysts
or the generation of by-products. It is possible to develop a
variety of dynamic covalent molecules that homolytically disso-
ciate into stable radical species upon mechanical stimulation,
thereby exhibiting color changes. The accumulated knowledge
on molecular design to control the chemical stability of
normally unstable radical species allows these mechanical func-
tions to be manipulated as needed. The introduction of compu-
tational science has the potential to facilitate the creation of new

radical mechanochromophores, which is expected to further
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Figure 13: Nanoarchitectonics design of mechanochromic polymers based on radical dynamic covalent chemistry with the objective of imparting
custom chromic properties to polymer materials. Figure 13 was reproduced from [274] (T. Yamamoto et al., “Mechanochromic polymers based on
radical-type dynamic covalent chemistry”, Bull. Chem. Soc. Jpn., 2024, vol. 97, issue 3, uoad004, https://doi.org/10.1093/bulcsj/uoad004); by permis-
sion of Oxford University Press on behalf of the Society. © The Author(s) 2023. Published by Oxford University Press on behalf of the Chemical
Society of Japan. All rights reserved. This content is not subject to CC BY 4.0.
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advance radical dynamic covalent chemistry. Dynamic cova-
lent polymers can undergo structural reorganization in response
to specific stimuli, thereby enabling the control of their macro-
scopic states and viscoelastic properties. This capability allows
for the development of a range of smart functionalities, includ-
ing controllable swelling, degradability, self-repairing ability,
and reworkability. It is anticipated that this will contribute to a
number of research fields, including polymer degradation and
recycling, the extension of the lifespan of polymer materials,
the development of adhesive polymers for specific applications,
and the exploration of new areas of polymer mechanochemistry.

Polymers, including polyelectrolytes, are pivotal constituents of
LbL assembly. Additionally, they can serve as an important
component in soft materials nanoarchitectonics, a flexible ap-
proach to assembling diverse functional materials in a layer-by-
layer fashion. LbL methods provide a nanoarchitectonics ap-
proach to the construction of functional composite nanomateri-
als with exceptional electrocatalytic properties. Azzaroni, Rafti,
Marmisollé, and colleagues optimized the electrocatalytic prop-
erties of a conducting polymer by synergistically combining it
with an Oj-absorbing MOF using LbL assembly [275]. The
oxygen reduction reaction (ORR) represents a pivotal process in
electrochemical energy conversion systems. Instead of costly
Pt-based electrocatalysts, the potential of conducting polymers
as ORR catalysts has been explored. This involved the sequen-
tial organization of a colloidal suspension comprising polyani-
line/polystyrene sulfonate and ZIF-8 MOF nanocrystals coated
with polyallylamine hydrochloride (Figure 14). This functional
electrode was designed to combine two key elements, that is,
high surface area and porosity with electroactivity. This combi-
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nation is intended to result in enhanced ORR activity. The LbL-
assembled films were electrically connected, thereby increasing
the electrocatalytic current obtainable for ORR in aqueous envi-
ronments with neutral pH. Furthermore, the selective incorpora-
tion and enrichment of oxygen within the MOF microporous
matrix, which serves as an oxygen reservoir linked to the
polymer electrocatalytic material, enhances the overall ORR ac-
tivity. This exemplary work demonstrated the potential for a
new method of fabricating MOF-based electrocatalytic surfaces.
Further enhancements in performance may be attained by
means of improvements in electron transport properties and op-
timization of the loading of the MOF within the LbL nanostruc-
tures.

The creation of well-defined soft multilayer structures com-
prising a variety of components represents a crucial strategy in
the field of soft materials nanoarchitectonics. Cornez, Azzaroni,
and colleagues describe the preparation and functionalization of
highly organized layered multilayer structures by layer-by-layer
organization of lipid-like surfactants and polyelectrolytes
(Figure 15) [276]. In this study, hydrophobic lamellar domains
were employed as hosts to create electrochemically active films
that display spatially addressed redox units. Furthermore,
redox-labelled polyallylamine and glucose oxidase were inte-
grated into the layered hydrophilic domains, thus forming the
layered multilayer films. The multilayer films were fabricated
by alternately depositing redox-active osmium complex-
labelled polyallylamine hydrochloride, sodium dodecyl phos-
phate, and glucose oxidase in a sequential manner. The cooper-
ation of bioelectrocatalysis in the presence of glucose and redox
wiring within the layered multilayer films was demonstrated.
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Figure 14: Oxygen reduction reaction catalysts with the sequential nanoarchitectonics of a colloidal suspension comprising polyaniline/polystyrene
sulfonate and ZIF-8 metal-organic framework nanocrystals coated with polyallylamine hydrochloride. Figure 14 was used with permission of The
Royal Society of Chemistry, from [275] (“Layer-by-layer integration of conducting polymers and metal organic frameworks onto electrode surfaces: en-
hancement of the oxygen reduction reaction through electrocatalytic nanoarchitectonics” by A. P. Martire et al., Molecular Systems Design & Engi-
neering, vol. 4, issue 4, © 2019); permission conveyed through Copyright Clearance Center, Inc. This content is not subject to CC BY 4.0.
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Figure 15: Bioelectrochemical nanoarchitectonics for the creation and functionalization of highly organized layered multilayer structures of lipid-like
surfactants and polyelectrolytes in which, hydrophobic lamellar domains were employed as hosts to create electrochemically active films that display
spatially addressed redox units, and redox-labelled polyallylamine and glucose oxidase were integrated into the layered hydrophilic domains.

Figure 15 was used with permission of The Royal Society of Chemistry, from [276] (“Highly-organized stacked multilayers via layer-by-layer assembly
of lipid-like surfactants and polyelectrolytes. Stratified supramolecular structures for (bio)electrochemical nanoarchitectonics” by M. L. Cortez et al.,
Soft Matter, vol. 14, issue 10, © 2018); permission conveyed through Copyright Clearance Center, Inc. This content is not subject to CC BY 4.0.

The incorporation of an additional redox-active osmium com-
plex layer between the surfactant bilayer and the glucose layer
enhances the wiring efficiency of the redox assembly. The in-
corporation of lipid-like surfactants into polyelectrolyte multi-
layers can facilitate the development of soft materials nanoar-
chitectonics, enabling the versatile design of layered hetero-
supramolecular assemblies. This enables the sophisticated func-
tionalization of the supramolecular organization of multicom-
partmental interfacial structures.

The fabrication of functional layered structures by means of soft
materials nanoarchitectonics also makes a contribution to the
field of medicine. For instance, patients with diabetic bone
defects require novel and efficacious medical implant material
strategies to enhance their prognosis. It is imperative to mini-
mize the risk of implant failure due to excessive oxidative stress
and the elevated risk of bacterial infection in patients with dia-
betes. Weng and colleagues employed an LbL construction
strategy to enhance the healing ability of diabetic bone defects
[277]. This involved the hybridization of tannic acid, gentam-
icin sulfate, and Pluronic F127 on a porous polyetheretherke-
tone substrate prepared by sulfonation (Figure 16). The materi-

al, which exhibits a bifunctional system of antioxidants and

antibacterial properties on its surface, was employed as a model
implant to effectively treat diabetic bone defects and restore the
integration and remodeling of the implant and surrounding bone
tissue. In the process, polyetheretherketone is treated with
H;SO, to form a three-dimensional porous polyetheretherke-
tone structure. Moreover, the porous polyetheretherketone was
coated with tannic acid via an electrostatic interaction. Further-
more, the modified tannic acid was combined with gentamicin
sulfate through electrostatic interaction and hydrogen bonding
in a mixture of gentamicin sulfate and Pluronic F127. The pre-
pared material demonstrated sustained antibacterial activity and
facilitated osteoblast (MC3T3-E1) differentiation, which is
essential for bone formation. Moreover, the material was ob-
served to eliminate excessive oxidative stress, promote the
growth of H>O»-injured human umbilical vein endothelial cells,
and facilitate the secretion of endothelial growth factor, which
is essential for angiogenesis. The subcutaneous implant model
in diabetic rats and the bone tissue implant model yielded
notable in vivo outcomes with respect to angiogenesis and
osseointegration, respectively. The LbL strategy offers a highly
applicable and versatile approach to soft materials nanoarchitec-
tonics, with the potential to contribute to a range of medical

fields, including the aforementioned example.
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Figure 16: Layer-by-layer nanoarchitectonics involving the hybridization of tannic acid, gentamicin sulfate, and Pluronic F127 on a porous poly-
etheretherketone substrate prepared by sulfonation toward a bifunctional system of antioxidants and antibacterial properties on its surface and a
model implant to effectively treat diabetic bone defects and restore the integration and remodelling of the implant and surrounding bone tissue.
Figure 16 was adapted with permission from [277], Copyright 2022 American Chemical Society. This content is not subject to CC BY 4.0.

It is also anticipated that soft materials nanoarchitectonics using
polymers will be applied in other fields, including the control of
the functions of polymer semiconductors. The process of chem-
ical doping of molecular semiconductors is based on electron
transfer reactions between the semiconductors and the dopant
molecules. The redox potential of the dopant is a critical factor
in regulating the Fermi level of the semiconductor. The research
group led by Ishii and Yamashita utilizes proton coupling elec-
tron transfer reactions, which are extensively employed in
biochemical processes [278]. They make effective use of inter-
calation into the nanospaces formed in thin polymer films
(Figure 17). Molecular redox reactions that are precisely con-
trolled at room temperature are employed in biochemical pro-
cesses, including proton coupling electron transfer reactions.
For instance, two-electron transfer reactions and two-proton
transfer reactions are frequently employed to establish a
disparity in the electrochemical potential of protons across a
membrane for the generation of cellular energy. An illustrative
example of a reversible proton coupling electron transfer reac-

tion is the conversion of benzoquinone to the hydroquinone,

which occurs by the acceptance of two electrons and two
protons. The compounds in use do not react with water due to
their weak redox properties, rendering them stable redox agents
at room temperature. The redox potential of the proton cou-
pling electron transfer reaction between benzoquinone and
hydroquinone is precisely controlled by pH, in accordance with
the Nernst equation. In order to compensate for the charge
carriers in the semiconductor, dopant ions must be supplied
through the redox reaction. The efficient doping of polymeric
organic semiconductor thin films is achieved through the syner-
gistic reaction of the proton coupling electron transfer reaction
and the insertion of hydrophobic ions. This process has enabled
the efficient doping of crystalline organic semiconductor thin
films at room temperature. By examining the conditions, it is
possible to achieve strong chemical doping beyond the conven-
tional limits in aqueous solutions at room temperature. The
demonstrated proton coupling electron transfer reaction-based
route may facilitate the fabrication of advanced and reliable
organic semiconductor devices, including sensors and bioelec-

tronics, in a more expedient manner.
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Figure 17: The process of chemical doping of organic semiconductors based on proton coupling electron transfer reaction and intercalation into the
nanospaces formed in thin polymer films. Figure 17 is from [278] (M. Ishii et al., “Doping of molecular semiconductors through proton-coupled elec-
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The presented examples illustrate the use of polymers in soft
materials nanoarchitectonics. The design of polymers is a well-
established field, and chemical design can be executed with a
high degree of skill. Furthermore, a range of biopolymers can
be sourced from natural sources. Nevertheless, there are numer-
ous ongoing nanoarchitectonics projects that control the
assembly of polymers. Consequently, a substantial corpus of
knowledge and experiences has been accumulated in the design
and integration of polymer materials. By combining this know-
ledge, a variety of results can be obtained in soft materials
nanoarchitectonics, spanning the fields of electronics and medi-

cine.

Gel nanoarchitectonics

Gels are representative soft materials that exhibit flexibility and
softness. They are soft and flexible substances comprising poly-
mers and molecular aggregates that are predominantly solvated
and integrated with the solvent [279-281]. Furthermore, gel ma-
terials with excellent stimuli responsiveness and biocompatibili-

ty have also been widely developed. As the nanoarchitectonics

of the polymers and molecular aggregates that constitute gels
evolve, the design and functionality of gels are becoming
increasingly diverse and sophisticated. This section presents a
selection of recent examples of functional gel materials, which
illustrate the potential of soft materials nanoarchitectonics in
research.

The field of gel nanoarchitectonics is frequently linked to the
study of biological tissue formation. The composition of living
cells and organisms includes a multitude of biomolecules,
which can be regulated in terms of both concentration and
spatial distribution. This enables the exertion of complex bio-
logical functions. Synthetic multinetwork hydrogels can be
considered analogous to extracellular matrices, and have at-
tracted attention due to their exceptionally high toughness and
other properties. In a recent review, Kubota provided an
overview of the advancements in research on supramolecular-
polymer composite hydrogels, a novel class of multinetwork
hydrogels [282]. Composite hydrogels can be designed to inte-

grate the stimuli responsiveness of supramolecular gels
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with the rigidity of polymer gels in a rational manner. Supramo-
lecular—polymer composite hydrogels integrate the properties of
supramolecular networks and polymer networks, including
stimuli responsiveness and rigidity/toughness. This distinctive
attribute can also be harnessed for the regulated release of pro-
tein-based biopharmaceuticals. Furthermore, it has been demon-
strated that by incorporating functional molecules such as en-
zymes and their inhibitors, supramolecular polymer composite
hydrogels can be employed as matrices for the controlled
release of protein biopharmaceuticals in response to antibodies.
It is anticipated that these hydrogels will prove useful in a num-
ber of biomedical applications, including the three-dimensional
controlled release of drugs and proteins, the construction of
hierarchical organoids, and the development of implantable and
injectable gel devices. One of the principal avenues for
enhancing the functionality of composite hydrogels is to
emulate the intricate hierarchical and dynamic structure of bio-
logical tissues. In this context, the concept of nanoarchitec-
tonics is of significant importance.
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Hydrogels are created by nanoarchitectonics using abundant
water, and the phase separation of ice crystals, solutes, and
bound water that occurs during freezing can be employed as a
reaction field to control the hierarchical structure of the
hydrogel. In a recent review, Sekine and Nankawa presented
research on carboxymethylcellulose nanofiber hydrogels
formed through solid—quasi-liquid phase separation [283]. The
synthesis of carboxymethylcellulose nanofiber hydrogels is a
straightforward process, involving the addition of citric acid to
frozen carboxymethylcellulose nanofibers and subsequent
thawing of the mixture (Figure 18). Prior to the melting of the
ice crystals, a rearrangement of the carboxymethylcellulose
nanofiber structure via hydrogen bonding occurs within the
freeze-concentrated layer. During the process of freeze concen-
tration, carboxymethylcellulose nanofibers and bound water are
retained in high concentrations. The cross-linking reaction in
this distinctive environment contributes to the formation of
carboxymethylcellulose nanofiber hydrogels with high mechan-
ical strength. One of the distinctive properties of this hydrogel
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Figure 18: Nanoarchitectonics of carboxymethylcellulose nanofiber hydrogels involving the addition of citric acid to frozen carboxymethylcellulose
nanofibers and subsequent thawing of the mixture. Figure 18 was reproduced from [283] (Y. Sekine et al., “Freeze-Concentrated Layers as a Unique
Field for the Formation of Hydrogels”, Bull. Chem. Soc. Jpn., 2023, vol. 96, issue 10, pages 1150—1155, https://doi.org/10.1246/bcs|.20230146); by
permission of Oxford University Press on behalf of the Society. © 2023 The Chemical Society of Japan. This content is not subject to CC BY 4.0.
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is that it possesses a substantial internal volume, high fluidity,
and the capacity to readily absorb and release water. The
oriented structure of carboxymethylcellulose nanofibres, which
exhibit both hydrophobic and hydrophilic properties, contrib-
utes to the rapid dehydration and absorption of water. The fabri-
cated hydrogels are non-toxic and biodegradable, and have a
highly fluid internal structure formed from macropores,
rendering them useful as adsorbents, carriers, or biomaterial
usages. As demonstrated in the system presented here, there is
considerable potential for the application of synthetic methods
and materials utilizing freezing, and it is anticipated that this
process will prove to be a valuable addition to the field of
nanoarchitectonics.

The potential of gel nanoarchitectonics as a light-emitting mate-
rial is also being investigated. Some natural polymers have the
potential to function as cluster emitters. Such materials can be
combined with gels to create novel functional products.
Sugawara, Uyama, and colleagues co-assembled chitosan
nanofibres and dialdehyde carboxymethyl cellulose with
multiple cross-links to fabricate microclusters fluorescing under
ultraviolet light (Figure 19) [284]. The fabricated microclusters
were subsequently combined with poly(vinyl alcohol) and
hydrogel to produce fluorescent materials. The microclusters
are capable of forming stable structures in aqueous environ-
ments due to the formation of cross-links through imine bonds,
ionic interactions, and hydrogen bonds between the polysaccha-

rides. The multiple interactions and heteroatom character of
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both chitosan nanofibres and dialdehyde carboxymethyl cellu-
lose enabled clustering-induced emission through conjugation
through space. Consequently, the hydrogel of microclusters is
quenched when it interacts with specific ions. The quenching of
emission permitted the detection of specific metal ions, includ-
ing Cu?* and Fe3*. The composite hydrogel exhibited excellent
luminescence properties and demonstrated stable performance
over an extended period of time at various temperatures. These
characteristics render them promising materials for use in metal

sensing and bioimaging.

The incorporation of active metal sites within the gel structure
facilitates the development of functional materials for medical
applications. Infection and transmission represent significant
challenges in the modern medical field. It is of paramount
importance to develop materials that can effectively treat bacte-
rial infections and overcome the issue of antimicrobial resis-
tance. Gao and colleagues reported the development of a
bimetallic CuCo-doped nitrogen—carbon nanozyme-functionali-
zed hydrogel (Figure 20) [285]. ZIF-67(Cu), a MOF, was
calcined at 400 °C to prepare bimetallic CuCo nanomaterials,
which were then immobilized on the surface of the hydrogel
through a process of nanoarchitectonics involving the hydro-
thermal growth method. The resulting hydrogels display
photoresponsive, enhanced enzymatic effects when exposed to
near-infrared irradiation (808 nm), exhibiting robust peroxi-
dase-like and oxidase-like activities. The peroxidase-like activi-

ty can be enhanced by a dual mechanism, comprising the direct

PVA-MCs gel

MC: Microcluster
CSNF: Chitosan Nanofiber

DACMC: Dialdehyde Carboxymethyl Cellulose
PVA: Poly(vinyl alcohol)

Figure 19: Nanoarchitectonics of co-assembled chitosan nanofibres and dialdehyde carboxymethyl cellulose with multiple cross-links to fabricate
microclusters with fluoresce under ultraviolet light subsequently combined with polyvinyl alcohol and hydrogel to produce fluorescent materials.
Figure 19 was reproduced from [284] (M. P. H. Pedige et al., “Clusterization-triggered emission of polysaccharide-based microclusters induced by the
co-assembly of chitosan nanofibers and dialdehyde carboxymethyl cellulose”, Bull. Chem. Soc. Jpn., 2024, vol. 97, issue 6, uoae065, https://doi.org/
10.1093/bulcsj/uoae065); by permission of Oxford University Press on behalf of the Society. © The Author(s) 2024. Published by Oxford University
Press on behalf of the Chemical Society of Japan. All rights reserved. This content is not subject to CC BY 4.0.
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oxidation of Co3* and the generation of *OH based on Cu*,
which oxidizes glutathione. The CuCo-doped nitrogen—carbon
nanozyme-functionalized hydrogel displays oxidase-like activi-
ty, enabling the generation of superoxide anion (O,°"). The
photodynamic activity of the CuCo-doped nitrogen—carbon
nanozyme-functionalized hydrogel, when irradiated with near-
infrared light, results in the generation of singlet oxygen.
Furthermore, it exhibits a high photothermal conversion effect,
which not only facilitates the eradication of bacteria but also
enhances the generation efficiency of *OH and O,°" and
promotes the consumption of glutathione. The antibacterial effi-
cacy of the CuCo-doped nitrogen—carbon nanozyme-functional-
ized hydrogel was demonstrated by its potent bactericidal action
against methicillin-resistant Staphylococcus aureus and ampi-
cillresistant Escherichia coli. The CuCo-doped nitrogen—car-

bon nanozyme-functionalized hydrogel has the capacity to facil-

itate the healing of infected wounds without the induction of
inflammation. Further optimization and development may facil-
itate its utilization as an innovative tool in anti-infective

therapy.

In gel nanoarchitectonics, the combination of components with
disparate properties allows for the generation of complementa-
ry or competitive effects. Uyama and colleagues developed
thermoresponsive hydrogels with switchable mechanical prop-
erties by incorporating poly(stearyl methacrylate) as the respon-
sive domain and bacterial cellulose as the supporting hydrogel
(Figure 21) [286]. The poly(stearyl methacrylate) particles
within the bacterial cellulose display a reinforcing effect below
the melting point, while above the melting point, this effect is
reduced. This results in a notable degree of responsiveness.

Bacterial cellulose provides a stable structural framework for
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Figure 21: Nanoarchitectonics of thermoresponsive hydrogels with switchable mechanical properties by incorporating poly(stearyl methacrylate) as
the responsive domain and bacterial cellulose as the supporting hydrogel exhibiting a distinct phase change between crystalline and molten states in
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the smart hydrogel. Meanwhile, the thermoresponsive domain
of the material is poly(stearyl methacrylate). The poly(stearyl
methacrylate) exhibits a distinct phase change between crys-
talline and molten states in response to cooling and heating due
to the packed structure of the long aliphatic side chains of the
comb-shaped polymer. This phase change results in the smart
hydrogel exhibiting switchable stiffness behavior. In the com-
posite gels, a clear decrease in Young’s modulus was observed
with increasing temperature from 25 to 50 °C. Furthermore, the
difference in Young’s modulus at 25 and 50 °C widened with
increasing amounts of incorporated poly(stearyl methacrylate).
In this study, they put forward the incorporation of poly(stearyl
methacrylate) particles into the hydrogel network as a promis-
ing approach to enhance the thermoresponsiveness. It is antici-
pated that the nanoarchitectonics methodology will facilitate the
industrial utilization of hydrogels as artificial muscles and soft

robotic components.

Hydrogel materials have the potential to be highly beneficial in
a number of different fields, including flexible electronic
devices, tissue engineering, and wound dressings. In order to
achieve this, it is necessary to ensure that the material pos-
sesses sufficient mechanical properties, recovery performance,
and self-healing speed. To address these challenges, Gao and
colleagues designed composite hydrogels with high mechanical
strength, and rapid and efficient self-healing capabilities based
on multiple synergistic effects (Figure 22) [287], which are suit-
able for use in flexible electronic devices, tissue engineering,
and wound dressings. The formation of the hydrogels is
primarily driven by metal coordination between Zr** and
carboxyl groups present in the reaction-generated polymer
network. Additionally, electrostatic interactions between
carboxyl groups and protonated amine groups of poly(ethyl-
eneimine) contribute to the hydrogel formation process. The

prepared hydrogels display excellent mechanical and self-
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Figure 22: Nanoarchitectonics of composite hydrogels with high mechanical

strength and rapid and efficient self-healing capabilities based on multiple

synergistic effects. Figure 22 was used with permission of The Royal Society of Chemistry, from [287] (“Nanoarchitectonics composite hydrogels with
high toughness, mechanical strength, and self-healing capability for electrical actuators with programmable shape memory properties” by Y. Wang et
al., Nanoscale, vol. 15, issue 46, © 2023); permission conveyed through Copyright Clearance Center, Inc. This content is not subject to CC BY 4.0.

healing properties, which are the result of the further inter-
twining of multiple synergistic interactions. The interactions be-
tween the weak polyelectrolytes, polyethyleneimine and poly-
acrylic acid, facilitate an improvement in the elasticity of the
hydrogels, thereby imparting rapid self-healing properties. In
particular, the robust metal-ligand interactions and the pres-
ence of multiple reversible interactions resulted in the hydrogel
exhibiting superior mechanical properties compared to other
hydrogel materials. The hydrogel also exhibits excellent self-
healing ability due to the multiple reversible effects. The
hydrogel demonstrated a rapid self-healing capacity and exhib-
ited long-term stability. The formation of composite hydrogels
with high toughness, high mechanical strength, and excellent

self-healing ability was achieved through the utilization of
multiple synergistic interactions. It is anticipated that the com-
posite hydrogel will find utility as an actuator or robot arm in
intelligent applications. Furthermore, the temperature-sensitive
property enables its utilization as a shape-memory material.
Furthermore, the capacity of the material to alter its shape in
response to varying temperatures enables the generation of

programmable effects.

An intriguing gel design from the perspective of nanoarchitec-
tonics is the slide-ring gels developed by Ito and colleagues.
This employs rotaxane structures utilized in supramolecular
chemistry as cross-linking points [288]. The utilization of this
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supramolecular structure with topological properties gives rise
to a novel type of gel that is distinct from both physical and
chemical gels. In this gel, the polymer chains with bulky end
groups are not covalently cross-linked in the manner of chemi-
cal gels, nor do they interact attractively as in physical gels. In
contrast, the cross-linking structure is formed by the polymer
chains passing through each of the figure-of-eight pore struc-
tures (Figure 23). Consequently, these cross-links are able to
move freely along the polymer chains, thereby equalizing the
tension of the polymer chains in a manner analogous to pulleys.
This phenomenon is referred to as the pulley effect. In chemi-
cal gels, the polymer chains are gradually broken due to the
unequal distribution of polymer length between the fixed cross-
links. Conversely, in slide-ring gels, the polymer chains are
capable of passing through the figure-eight cross-links that
serve as pulleys. Furthermore, the equalization of tension can
occur not only within a single polymer chain, but also between
adjacent polymers that are connected by figure-eight cross-
links. Consequently, the slide-ring gels display remarkable flex-
ibility and capacity for volume change. The mechanical behav-
ior of the slide-ring material can be adequately explained by a
free-junction model that takes into account the pulley effect. In
contrast to conventional cross-linked polymer materials, no
elastic instability is observed. The mechanical behaviors of the
slide-ring material were found to be analogous to those ob-
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served in biological materials, including mammalian skin, blood
vessels, and tissues. It is anticipated that this novel gel material
will have applications not only in gel-like substances such as
soft contact lenses and polymer batteries, but also in solvent-
free polymer materials such as paints, fibres and films.

Hydrogels are typically characterized by low mechanical
strength due to the limited water content of their polymeric
matrix. In many cases, a sacrificial structure capable of dissi-
pating input energy is introduced to create a tough hydrogel.
However, the toughness of these gels frequently diminishes
considerably when subjected to continuous cyclic loading, due
to the inability of the sacrificial damage to be rapidly repaired.
To overcome this fundamental limitation and obtain a tough gel,
Mayumi, Ito, and colleagues developed a poly(ethylene glycol)
hydrogel cross-linked with a moderate amount of polymer that
forms a sliding ring [289]. The fundamental design is the slide-
ring hydrogel, in which the poly(ethylene glycol) chains are
connected by slidable cross-links, consisting of hydroxypropyl-
a-cyclodextrin rings. The cross-links in the slide-ring gel facili-
tate the sliding of the poly(ethylene glycol) chains, thereby
releasing the stress within the network. When subjected to
uniaxial stretching, the polymer strands situated between the
cross-linking points elongate and undergo uniform tensile de-
formation in the direction of the applied force. The unexposed
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Figure 23: Nanoarchitectonics of the slide-ring gels employing rotaxane structures utilized in supramolecular chemistry as cross-linking points that are
able to move freely along the polymer chains, thereby equalizing the tension of the polymer chains in a manner analogous to pulleys. Figure 23 is
from [288] (K. Ito, “Novel Cross-Linking Concept of Polymer Network: Synthesis, Structure, and Properties of Slide-Ring Gels with Freely Movable
Junctions®, Polymer Journal, vol. 39, pages 489—499, published by Springer Nature, 2007, reproduced with permission from SNCSC). This content is

not subject to CC BY 4.0.
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highly oriented poly(ethylene glycol) chains repeatedly form
and dissolve a close-packed structure, accompanied by
stretching and releasing. This results in rapid and reversible
strain-induced crystallization, which markedly enhances the
toughness of the hydrogel. The reinforcement of the intact gel
structure of the hydrogel is achieved through the utilization of
strain-induced crystallization. The high toughness of the slide-
ring gel can be attributed to a well-known toughening mecha-
nism observed in rubber. The reversible formation and destruc-
tion of poly(ethylene glycol) crystals under cycles of loading
and unloading is the origin of the high mechanical reversibility
of the slide-ring gel.

Gels are soft materials, comprising polymers and molecular
aggregates that are predominantly solvated and integrated
together. As illustrated by the aforementioned examples, gel
nanoarchitectonics enables the fabrication of gels with diverse
properties contingent on the design, fabrication methodology,
and constituents employed. The combination of components
with disparate properties can yield either complementary or
competitive effects. As soft materials, gels exhibit a wide range
of mechanical properties and a high degree of tolerance for the
incorporation of diverse substances. It is therefore anticipated
that a diverse range of practical materials, including those for
biomedical applications, will be developed.

Biomaterials nanoarchitectonics

In the soft materials nanoarchitectonics, the utilization of bio-
logical materials and the advancement of biologically pertinent
functions are subjects of debate. This is related to the favorable
compatibility between soft materials and biological systems, as
well as the soft signal responsiveness required for biological
functions. Biomolecules, biomaterials and even their assem-
blies can be considered to fall within the category of soft mate-
rials. It is therefore highly significant to consider the nanoarchi-
tectonics of soft materials in relation to the properties and func-
tions of biomaterials. The following section will present some
case studies illustrating the application of soft materials nanoar-

chitectonics in the context of biomaterials.

The initial parts of this section begins with a series of concep-
tual reviews. In considering the field of biomaterials nanoarchi-
tectonics, it is essential to take into account the role of water. In
particular, polymeric biomaterials are frequently utilized in
aqueous environments, whereby the water molecules exhibit a
range of mobilities, including non-freezing, intermediate, and
free water [290,291]. It is evident that DNA and protein mole-
cules exert an influence on the biological reactions that occur
between biomaterials and biological fluids. To further the
medical field, it is a significant challenge to regulate the state of

hydration water through the nanoarchitectonics of polymeric
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chemical structures. In a recent review, Nishimura and Tanaka
emphasized the significance of intermediate water [292]. In this
review, the authors elucidate the synthesis, analysis, and appli-
cation of polymeric biomaterials based on the concept of inter-
mediate water. The hydration state of biomaterials affects their
biocompatibility and functionality. The hydration state of bio-
materials can be classified into three categories, namely, non-
freezing water/tightly bound water, intermediate water/loosely
bound water, and free water/scarcely bound water. The effect of
intermediate water on biocompatibility is significant, as it also
affects protein adsorption and cell adhesion. It can therefore be
concluded that the intermediate water concept has significant
potential for application in a wide range of biomedical fields.
The intermediate water concept brings several benefits to a
range of sectors, such as biocompatibility, non-fouling behav-
ior, selective protein adsorption, cell attachment, tissue engi-
neering, drug delivery systems, and the creation of multifunc-
tional smart biomaterials for flexible and stretchable electronic
devices. The intermediate water concept has also been utilized
in the creation of inorganic biomaterials. The application of the
intermediate water concept has expanded to cover not just
organic biomaterials, but also inorganic biomaterials. The use of
intermediate water’s unique characteristics offers the possibili-
ty of improving the performance and functionality of biomateri-
als in a wide range of biomedical applications.

Enzymes with well-defined three-dimensional structures incor-
porate information about the molecular organization in the
vicinity of the active site. Molecular assemblies that are regu-
lated by molecular architecture schemes have the potential to
create enzyme-mimetic catalytic architectures. In a recent
review, Roy and Govindaraju provide an overview of the state-
of-the-art biomimetic catalytic architectures derived from small
molecules, sugars, nucleic acids, peptides, and proteins [293].
In particular, they describe the design of catalytic architectures
within the framework of molecular architectures and second
coordination spheres, which have been the subject of study in
the field of enzyme catalysis and various model organic reac-
tions (Figure 24). This figure also illustrates higher-order mo-
lecular assembly architectures, including micelles, fibers, tubes,
helices, nanoparticles, honeycombs, and 2D sheet structures.
Additionally, it depicts metal-ligand interactions, the formation
of primary and secondary coordination spheres, the binding of
substrates to metal centers, and the formation of catalytic archi-
tectures. Second coordination sphere interactions have been
identified as a controlling factor for a number of processes
occurring during catalytic events, including substrate binding
and orientation, electron transfer, bond cleavage or formation,
transition state stability, and other related events. The current
discussion on the role of the second coordination sphere has sig-

nificant potential for future developments in the field of cataly-
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Figure 24: Design of catalytic architectures within the framework of molecular architectures and second coordination spheres, which have been the
subject of study in the field of enzyme catalysis and various model organic reactions. Figure 24 is reproduced from [293] (B. Roy et al., “Enzyme-
mimetic catalyst architectures: the role of second coordination sphere in catalytic activity”, Bull. Chem. Soc. Jpn., 2024, vol. 97, issue 1,
bcsj.20230224, https://doi.org/10.1093/bulcsj/bcsj.20230224); by permission of Oxford University Press on behalf of the Society. © The Author(s)
2023. Published by Oxford University Press on behalf of Chemical Society of Japan. All rights reserved. This content is not subject to CC BY 4.0.

sis in fundamental biological research. Moreover, these compo-
nents have the potential to be harnessed for applications in
nanotechnology and nanoarchitectonics.

It is crucial to understand the properties of these biomaterials
for various applications. Investigating their mechanical proper-
ties through physicochemical methods is a fundamental aspect
of nanoarchitectonics. Zhang et al. employed magnetic
tweezers, dynamic light scattering (DLS), and atomic force
microscopy (AFM) to conduct a comprehensive investigation of
the complexes formed by A-DNA and lysozyme in dilute
aqueous solutions (Figure 25) [294]. The electrostatic and
hydrophobic interactions between the lysozyme units play a
pivotal role in promoting phase separation in the
DNA-lysozyme system. The morphology of the formed aggre-
gates is controlled by direct interactions between protein units

and electrostatic attraction between DNA and lysozyme. The
DNA-lysozyme complexes were observed to undergo a trans-
formation from loosely stretched chains to compact spheres and
subsequently to less compact flower-like structures, a process
that was found to be contingent upon alterations in the attached
lysozyme particles. The mechanical properties were estimated.
One end of a DNA molecule was affixed to a glass sidewall,
while the other end was attached to a paramagnetic bead. A
permanent magnet, operated by a micromanipulator system,
was employed to exert a force on the DNA molecule by
drawing the tethered DNA strand into proximity with the para-
magnetic bead. The movement of the paramagnetic body was
recorded in real time using a charge-coupled device camera, and
the video of the small magnetic sphere was subsequently
analyzed using software. Furthermore, the research team
discovered that lysozyme causes a reversal of the charge on
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DNA. The neutralization of charge is a crucial step in the
compaction of DNA by lysozyme, which enables the over-
coming of the electrostatic repulsion between the segments of
the DNA strand. As a consequence of charge neutralization and
overcompensation, the morphology of the DNA undergoes a
transformation, progressing from a loosely distributed state to a
compact rod or sphere, and subsequently to a flower-like struc-
ture comprising a compact core. The particle size of the DNA
complex, as determined by DLS, exhibited a gradual increase
due to the charge reversal. Such an analysis will be of great
importance for the field of nanoarchitectonics, which concerns
the precise assembly of structures from biomaterials.
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Figure 25: DNA-lysozyme nanoarchitectonics employing magnetic
tweezers to conduct a comprehensive investigation of the complexes
formed by A-DNA and lysozyme in dilute aqueous solutions. Figure 25
was reproduced from [294] (© 2022 R. Zhang et al., published by
MDPI, distributed under the terms of the Creative Commons Attribu-
tion 4.0 International License, https://creativecommons.org/licenses/by/
4.0).
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A promising approach for the nanoarchitectonics of biomole-
cules is LbL assembly [295-297]. In addition to conventional
LbL techniques, the layering of proteins with oppositely
charged polyelectrolytes, which are precomplexed with poly-
electrolytes, has been proposed since the 1990s [298]. In a
recent study, Vranckx, Dupont-Gillain, and colleagues
presented an approach for incorporating lysozyme into multi-
layers using protein—polyelectrolyte complexes [299]. This
method (Figure 26) represents a significant advancement in the
field of LbL nanoarchitectonics. This study offers additional
proof of the durability and adaptability of protein—polyelec-
trolyte complexes as fundamental components. The LL-37
peptide, insulin, lysozyme, and glucose oxidase were encapsu-
lated with alginate, poly(styrene sulfonate), heparin, and
poly(allylamine hydrochloride). The resulting protein—polyelec-
trolyte complexes were subsequently assembled through a
layer-by-layer process with the aid of chitosan, poly(allylamine
hydrochloride), and heparin. The formation of protein—polyelec-
trolyte complexes through LbL assembly has made it possible
to build multilayers consisting of various proteins, which aids in
the creation of films with multiple functions. This technique is
of particular importance in the field of nanoarchitectonics, as it
allows for the creation of interfaces with proteins and peptides
that are otherwise difficult to immobilize. Consequently, their
functionality can be potentially modified, rendering them a
promising class of building blocks for a wide range of applica-
tions. The formation of protein—polyelectrolyte complexes may
prove to be a highly beneficial approach for the development of
bioactive interfaces, as they offer the potential to provide higher
protein and/or hydration levels than those achievable with
naked proteins.

Biomolecules are highly functional and can be utilized for a
variety of purposes through the application of nanoarchitec-
tonics [300]. For instance, a variety of isothermal amplification
strategies for DNA and RNA have been devised for the purpose
of enhancing the efficiency of biomolecule detection in electro-
chemical biosensors. In a review article, Liu, Wang, Yang, and
colleagues provide an overview of the strategies for signal-
amplifying sensing systems, their biological applications, cur-
rent challenges, and prospects in this promising new field [301].
In particular, they provide a concise overview of soft nanoarchi-
tectonics strategies with regard to amplified electrochemical/
electrochemiluminescence biosensors. From a practical stand-
point, the development of a controllable electrode surface
capable of preventing non-specific protein adsorption is essen-
tial for the advancement of reliable point-of-care sensing tech-
nologies. It would be beneficial to consider one-step coating
strategies for bioactive sensing interfaces. It would be advanta-
geous to develop structured systems capable of achieving effi-

cient dual or multimode signal responses through the utilization
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Figure 26: Layer-by-layer nanoarchitectonics using protein—polyelectrolyte complexes, which enables the construction of multilayers combining differ-
ent proteins, thereby facilitating the formation of multifunctional films. Figure 26 was adapted with permission from [299], Copyright 2022 American
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of novel electrochemiluminescence emitters or signal response
mechanisms. A more systematic approach to nanoarchitec-
tonics will lead to improvements in electrochemical/electro-
chemiluminescence biosensors. Furthermore, autonomous nano-
scale systems have a multitude of applications, spanning from
biomedical to environmental remediation. Furthermore, the de-
velopment of 2D soft nanoarchitectonics-based nanomotors that
enable “chemistry on the fly” is envisaged for a diverse range of

applications, including biosensing, imaging, and drug delivery.

The functional cooperation between biomaterials provides a
clear illustration of the impact of biomaterials nanoarchitec-
tonics. This is particularly crucial in the development of sophis-
ticated sensor systems utilizing enzyme cascades [302-304].

The use of nanoarchitectonics with a variety of nanomaterials

has the potential to enhance enzyme activity through substrate
channeling, while also improving enzyme stability and reusabil-
ity. Nevertheless, further improvements could be made in terms
of the orientation and mutual arrangement of multiple enzymes.
In order to create functional in vitro multienzyme systems,
inspiration has been taken from natural multienzyme processes
observed in living organisms. The nanoarchitectonics of multi-
step reactions of various enzymes has attracted considerable
attention, particularly in the context of applications such as bio-
sensors and the development of biofuel cells. In a recent review,
Tsujimura and colleagues provide an overview of recent devel-
opments in approaches to facilitate the functioning of two or
more enzymes in cooperation with each other [305]. While
nanoarchitectonics with programmed DNA scaffolds has also

been explored for the design of enzyme cascades, it is more
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straightforward and practical to design such systems through
relatively random immobilization techniques, including adsorp-
tion, covalent bonding, and cross-linking. It is recommended to
take into account substrate channeling when designing multien-
zyme cascades, with the aim of creating effective substrate oxi-
dation pathways. This can be achieved through the co-immobi-
lization of enzymes (Figure 27). In this instance, the substrate
can be coupled to specific enzymes by regulating the length of
the cross-linker spacer arms. It is of paramount importance to
develop optimal protocols that take into account the length and
reactivity of the cross-linkers in order to create efficient cascade

Enzyme (E)

Beilstein J. Nanotechnol. 2025, 16, 1025-1067.

systems for the implementation of biosensors and biofuel cells.
Two fundamental principles that are ubiquitous across numer-
ous systems are the precise spatial organization of enzymes and
the effective routing of substrates between enzymes. These ele-
ments are of great importance in ensuring the seamless transfer
of substrates between enzymes, the minimization of undesired
side reactions and, ultimately, the enhancement of overall cata-
Iytic efficiency.

The process of sunlight-induced water oxidation represents a
pivotal step in light-driven reductive synthesis. Despite the con-

Crosslinker
Redox Polymer

Graphene Oxide

(B)

Figure 27: Co-immobilization of enzymes to create efficient cascade systems for the implementation of biosensors and biofuel cells: (A) overview of
recent developments in approaches to facilitate the functioning of two or more enzymes in cooperation with each other; (B) two fundamental nanoar-
chitectonics principles of spacing and channellingfor effective routing of substrates between enzymes. Figures 27A and 27B were adapted from [305]
(© 2023 S. d. Kalyana Sundaram et al., published by MDPI, distributed under the terms of the Creative Commons Attribution 4.0 International

License, https://creativecommons.org/licenses/by/4.0).
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siderable progress made in the development of light-harvesting
materials and cocatalysts, the attainment of high efficiency and
stability remains a significant challenge. While various nanoma-
terials have been employed to achieve this function, a more effi-
cacious approach is to organize natural photosystems. Ryu and
colleagues presented a method for the immobilization of natural
photosystems on inverse opal TiO, using amine-rich poly-
ethylenimine hydrogels, thereby creating organic/inorganic
hybrid photoanodes (Figure 28) [306]. The effective immobili-
zation of the large photosystem II complexes is achieved
through the physical entrapment within the porous hydrophilic
hydrogel, coupled with the utilization of electrostatic interac-
tions. In particular, the properties of the polyethylenimine
hydrogel, including high porosity, hydrophilicity, positive
charge, and structural flexibility, facilitate the stable and
uniform immobilization of photosystem II within the numerous
pores of inverse opal TiO; through the formation of a stable
complex. The immobilization of photosystem II can be
achieved through the utilization of electrostatic interactions be-
tween the positively charged amine groups of polyethylene-
imine and the negatively charged stromal side of photosystem
II, which allows for the specific orientation of the latter within a
defined structure. This particular immobilization method
ensures the efficient separation of photogenerated charges and
suppresses the occurrence of undesired side reactions, such as
the generation of reactive oxygen species. Consequently,
photoanodes immobilized with photosystem II exhibit en-
hanced activity and stability with regard to solar-induced water
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oxidation. This strategy offers a more straightforward and prac-
tical solution to overcome challenges such as controlling the
orientation of photosystem II, suppressing side reactions, and
relying on complex processes for immobilizing photosystem II.
This suggests the potential benefits of hybrid nanoarchitec-
tonics, which can utilize the distinctive structural characteris-
tics of biomaterials.

Additionally, there are endeavors to articulate sophisticated
functions analogous to those observed in living organisms
through the meticulous integration of biomaterials with en-
hanced capabilities. For instance, the utilization of bioenergy
through transmembrane redox reactions in artificial systems
represents a challenging research topic. Fei, Li and colleagues
organized a synthetic electron shuttle that activates a mitochon-
drial-like transmembrane chemoenzyme cascade reaction
(Figure 29) [307]. The synthetic electron shuttle activates a
transmembrane chemoenzyme cascade reaction in a mitochon-
drial-like nanostructure, thereby facilitating enhanced bioen-
ergy assimilation. The nanoarchitectonics employs dendritic
mesoporous silica microparticles as the inner compartment and
ATP synthase-reconstituted proteoliposomes as the outer com-
partment. The small synthetic electron shuttle embedded in the
lipid bilayer facilitates a transmembrane redox reaction to
convert NADH to NAD" and protons in a manner analogous to
that observed in natural enzymes of the mitochondrial respira-
tory chain. The conversion of NADH to NAD*, which releases
protons to generate an outward transmembrane proton gradient,
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Figure 28: Nanoarchitectonics for the immobilization of natural photosystems on inverse opal TiO, using amine-rich polyethylenimine hydrogels,
thereby creating organic/inorganic hybrid photoanodes. Figure 28 was adapted with permission from [306], Copyright 2024 American Chemical
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drives ATP synthase and thus ATP synthesis. This results in an
enhanced outward proton gradient and the activation of ATP
synthase, thereby improving the efficiency of catalytic ATP
synthesis. The distinctive structural effect is that the hierar-
chical nanostructure and porosity distribution of the internal
compartments significantly enhance the assimilation of bioen-
ergy. The results presented here represent a novel and efficient
approach to the realization of artificial bioenergy production,
with considerable potential for the development of ATP-driven
bioapplications. These findings open up a new avenue for the
realization of enhanced bioenergy assimilation.

As evidenced by the metabolism of photosynthetic organisms,
enhancing energy conversion by optimizing the proton gradient
represents a compelling research objective within the field of
nanoarchitectonics. In the study of bacteriorhodopsin for the en-
hancement of ATP generation, Li, Dong, and colleagues created
oriented bacteriorhodopsin microcapsules coated with F F-
ATPase molecular motors via LbL assembly (Figure 30) [308].

This structure enables directional proton transfer. The nanoar-
chitectonics of bacteriorhodopsin and ATP synthase into an arti-
ficial biomimetic system permits the occurrence of cascade
reactions and ATP synthesis under illumination. In the pres-
ence of light, bacteriorhodopsin undergoes a conformational
change that facilitates radial proton transfer. This results in the
creation of a higher proton gradient, which in turn enhances
ATP synthesis by FoF{-ATPase. In this nanoarchitectonics
structural design, bacteriorhodopsin maintains a highly uniform
orientation with high loading capacity and enhanced phosphory-
lation through a layer-by-layer electrostatic adsorption-based
approach. Moreover, the incorporation of optically aligned
quantum dots markedly enhances light-induced phosphoryla-
tion. The directional ejection of protons from the microcapsules
results in an increased proton gradient, thereby promoting ATP
synthesis by F F-ATPase. The creation of such artificial hybrid
nanoarchitectonics paves the way for new avenues of research
into increasing the efficiency of solar energy conversion into
ATP.
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Figure 30: Nanoarchitectonics of bacteriorhodopsin for the enhancement of ATP generation using oriented bacteriorhodopsin microcapsules coated
with FoF1-ATPase molecular motors via LbL assembly. This structure enables directional proton transfer. Figure 30 was reproduced from [308], Z. Li
et al., “Oriented Nanoarchitectonics of Bacteriorhodopsin for Enhancing ATP Generation in a FoF{-ATPase-Based Assembly System”, Angew. Chem.
Int. Ed., with permission from John Wiley and Sons. Copyright © 2022 Wiley-VCH GmbH. This content is not subject to CC BY 4.0.

The phenomenon of liquid—liquid phase separation has been the
subject of considerable interest in the context of elucidating bio-
logical functions and fabricating structures [309-311]. It has
been postulated that significant processes, including the forma-
tion of structurally disparate droplets, prefibrils, and the evolu-
tion of fibrillar networks, are attributable to liquid-liquid phase
separation, wherein phase transitions occur within discrete
droplets. Hydrogels with disparate assembly pathways and me-
chanical properties are produced, offering a means of biomateri-
al design. It is of great importance to be able to control the mor-
phology of the non-covalently cross-linked network of supra-
molecular hydrogels in order to be able to tailor the mechanical
properties of biomaterials. In the study by Li, Yuan, and Yan
and colleagues, the evolution of fibril networks was observed,
which in turn controlled the mechanical properties of hydrogels
[312]. This was achieved by adjusting the solute-rich meta-
stable droplets formed by liquid-liquid phase separation

(Figure 31). In this study, carboxybenzyl-protected diphenylala-
nine, a prototypical self-assembling peptide, was selected as a
model. The morphology of the network was controlled by the
creation of metastable droplets, which were formed by
liquid-liquid phase separation. By controlling the size and num-
ber of droplets, three distinct types of prefibrils were obtained,
namely, sea urchin-like fibrils, beaded spindle-like fibrils, and
radial fibril clusters. This series of intermediate polymorphs
gives rise to bifurcating self-assembly pathways and dynamic
supramolecular gelation behavior. The resulting gel networks
display a range of fibril diameters and network densities, as
well as a diverse spectrum of mechanical strengths that are
markedly influenced by thermal history. As demonstrated in
this study, by modulating the intermolecular interactions within
the metastable droplets and the structural evolution of
liquid-liquid phase separation, hydrogels with specific proper-

ties can be generated from peptide self-assembly. The concept
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of liquid-liquid phase separation will prove to be a significant
area of interest, both in terms of understanding biological phe-
nomena and in the creation of functional nanostructures.

Biomaterials are capable of performing a variety of sophisti-
cated functions. The further assembly of these materials into ad-
vanced functional organizations using nanoarchitectonics repre-
sents a valuable method for the creation of more advanced func-
tional materials. In numerous instances, the soft signal respon-
siveness necessary for biological functions is associated. It is of
significant value to consider the subject of soft materials
nanoarchitectonics in relation to the properties and functions of
biomaterials. Furthermore, research is being conducted with the
aim of developing a more fundamental understanding of func-
tional biomaterials. The most exciting aspect of biomaterials
nanoarchitectonics is the ability to assemble components with
advanced functions into even more sophisticated organizational

systems. This represents a promising avenue for the creation of

functional structures by leveraging the inherent functionality
observed in natural systems.

A few other examples: 2D soft materials
nanoarchitectonics

The preceding sections have examined the field of soft materi-
als nanoarchitectonics as it pertains to a range of materials, in-
cluding liquid crystals, polymers, gels, and biomolecules. It is
possible that there are indications of the significance of nanoar-
chitectonics in examples that do not fall into these categories. It
is not feasible to provide an exhaustive account of all relevant
examples. The following section presents a selection of nanoar-

chitectonics-related examples of two-dimensional structures.

Although two-dimensional materials such as graphene appear to
possess a high degree of rigidity, they can in fact exhibit a high
degree of mouldability when combined with materials that pos-

sess soft functionalities. One potential avenue of research is
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hybrid nanoarchitectonics with enzyme catalysts. Enzyme cata-
lysts that power micro/nanomotors have significant potential for
a diverse range of applications, including biomedical and envi-
ronmental remediation. However, they are based on complex
three-dimensional architectures and have limited surface area
accessible to the catalytic sites, which results in suboptimal effi-
ciency. Mathesh and colleagues constructed enzyme-driven 2D
nanobots based on graphene oxide through non-covalent inter-
actions (Figure 32) [313]. Catalase was immobilized on
graphene oxide nanosheets (referred to as 2D nanobots) through
non-covalent interactions. The 2D nanobots are capable of
propelling the nanosheets in the presence of ultra-low concen-
trations of HyO, as a fuel source. The velocity of the 2D
nanobots is observed to increase with rising fuel concentration,
yet it is noted to decline over time due to the enzyme reaction
rate. The 2D nanobots exhibited efficient positive chemotaxis
behavior and demonstrated the capacity to swim against gravity
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due to solute buoyancy. The two-dimensional characteristics of
the nanobots are fully utilized, allowing them to move freely
with the aid of buoyancy without the need for external forces.
As a proof of concept, the 2D nanobots were used for the
on-the-fly removal of methylene blue dye, thereby demon-
strating the viability of a method for environmental remedia-
tion. It is anticipated that a diverse array of applications will
emerge, spanning biomedical and plant nanobiotechnology.
These may include active motion-based delivery to tumor
microenvironments and site-specific delivery of cargo mole-

cules to cell organelles.

Additionally, graphene-like two-dimensional materials can be
fabricated through the use of soft materials nanoarchitectonics,
such as interfacial self-assembly. Song et al. achieved the fabri-
cation of a two-dimensional graphene-like material derived
from zero-dimensional fullerene (Figure 33) [314]. The result-

I MB dye

-~ -
S m e —————T

Figure 32: 2D active nanobots based on soft nanoarchitectonics: enzyme-driven 2D nanobots based on graphene oxide through non-covalent inter-
actions. Figure 32 was reproduced from [313], M. Mathesh et al., “2D Active Nanobots Based on Soft Nanoarchitectonics Powered by an Ultralow
Fuel Concentration”, Angew. Chem. Int. Ed., with permission from John Wiley and Sons. Copyright © 2021 Wiley-VCH GmbH. This content is not

subject to CC BY 4.0.
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ing two-dimensional material was designated a “fullerphene
nanosheet”. It is a molecularly thin, nitrogen-doped two-dimen-
sional carbon film. When a fullerene Cg-ethylenediamine thin
film assembled by bottom-up nanoarchitectonics at a
liquid-liquid interface is thermally annealed at 700 °C, a
nitrogen-doped ultrathin carbon film fullerphene is formed. The
thickness is that of two fullerene molecules, yet it is distin-
guished by a hierarchical micro/mesoporous structure on its sur-
face. In other words, fullerphene is an ultrafine porous nano-
structure in which sp2-bonded C atoms are doped with pyrrole
and N atoms, mainly quaternary N. The surface allows for

selective and repeatable adsorption and desorption of low-mo-
lecular-weight carboxylic acid vapors through non-covalent
interactions. The material can be immobilized on a quartz
crystal microbalance (QCM) substrate for the purpose of gas
sensing. It was demonstrated that the compound exhibited en-
hanced sensitivity to formic acid vapor in comparison to other
prevalent low-molecular-weight carboxylic acid molecules. The
enhanced sensitivity to formic acid in the gaseous phase is
presumably attributable to the substantial surface area and pore
volume afforded by the hierarchical micro/mesoporous struc-
ture. The adsorption of acids is dependent not only on the
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acidity of the analyte, but also on the molecular size. It is
possible to achieve single-atom-level discrimination between
formic acid and acetic acid, thereby enabling molecular discrim-
ination based on the dimensions of the analyte at the single-
atom level.

Furthermore, research is being conducted regarding the poten-
tial of nanoarchitectonics at the molecular framework level,
utilizing high-resolution techniques. Such approaches have been
conducted at the molecular level in on-surface synthesis in two-
dimensional planes [315-317]. In contrast, Chen, Nakamura,
and colleagues have achieved the controlled synthesis of five-
membered carbon ring structures (pentagonal structures) in bulk
synthesis, known as template synthesis, in their study on
pentagon-rich caged carbon catalysts (Figure 34) [318]. The
caged carbon catalyst was synthesized, and the mechanism
underlying its high-performance oxygen reduction reaction was
investigated. In this approach, a caged cubic carbon catalyst
was synthesized using NaCl as a template and Cgp-containing
pentagonal rings as the carbon source, with the aid of ethylene-

diamine, which also serves as a nitrogen source. The number of

Beilstein J. Nanotechnol. 2025, 16, 1025-1067.

pentagons in the two-dimensional plane of the cube was in-
creased through the introduction of nitrogen doping and subse-
quent annealing. It can be stated that annealing the caged cubic
carbon catalyst at a high temperature in a nitrogen atmosphere
results in the removal of the doped pyridine N and the genera-
tion of pentagons. Concomitantly, the number of electron spins
is also observed to increase. The magnetism exhibited by cata-
lysts with a higher pentagonal concentration is conducive to the
induction of singly occupied molecular orbitals, thereby con-
tributing to enhanced performance. The prepared catalysts
display remarkable activity for the ORR under acidic elec-
trolyte conditions. The relationship between the pentagonal
structure, the number of spins, and the catalytic activity is clari-
fied, and it is demonstrated that the enhancement in activity is
contingent on the presence of spins. In other words, the origin
of the ORR activity of pentagon-containing carbon catalysts can
be attributed to the spins that are localized in the pentagonal
rings. The results of the density functional theory calculations
corroborate the hypothesis that spins are responsible for the en-
hancement in activity. The singly occupied molecular orbital of

pentagon-containing molecules features a 7 orbital and is char-
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Figure 34: Nanoarchitectonics of a caged carbon catalyst using NaCl as a template and Cgg-containing pentagonal rings as the carbon source, with
the aid of ethylenediamine, which also serves as a nitrogen source, featured with rich pentagon carbon structures and increase of electron spins for
conducive to the induction of singly occupied molecular orbitals with remarkable activity for the oxygen reduction reaction: mechanism, processes,
and images. Figure 34 was adapted from [318] (© 2024 G. Chen et al., Angewandte Chemie International Edition, published by Wiley-VCH GmbH,
distributed under the terms of the Creative Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0).
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acterized by a low energy level, which facilitates effective
oxygen adsorption. In other words, the local spin density of the
pentagon plays a pivotal role in the adsorption of O, the initial
step of ORR. This study emphasizes the significance of
pentagons with electronic spins in the development of efficient
carbon-based catalysts for ORR, and introduces a novel prin-
ciple for catalyst design. The interaction between the electron
spin and oxygen molecules in non-platinum catalysts, particu-
larly carbon-based catalysts, exerts a considerable influence on
the catalytic performance of ORR. This property can be con-
trolled by nanoarchitectonics at the molecular structure level.
This study presents a promising approach to this end, intro-
ducing a five-membered ring structure with spin into graphitic
carbon.

In addition to conventional soft materials, such as liquid crys-
tals, polymers, gels, and biomolecules, nanoarchitectonics,
which enables the fabrication of flexible and soft functional
organizations, is a well-established field of research. To illus-
trate, a number of examples of nanoarchitectonics in relation to
two-dimensional structures were presented. The presentation
includes several examples of innovative, highly functional
structures. The combination of graphene oxide and enzymes
through hybrid nanoarchitectonics can facilitate the creation of
microrobots that utilize two-dimensional materials for flight.
The creation of new fullerene films via interface nanoarchitec-
tonics involves the conversion of fullerenes into two-dimen-
sional carbon films. The deliberate creation of carbon pentagon
structures has the potential to enhance the catalytic function of
the oxygen reduction reaction, due to their distinctive spin prop-
erties. By extending the scope of this research in this way, it can
significantly expand the possibilities of nanoarchitectonics and

drive the development of innovative functions.

Conclusion and Future Perspectives

This review has examined the current state of soft materials
nanoarchitectonics in light of the ongoing developments in ma-
terials sciences, which have seen a shift from hard to soft mate-
rials and from the macroscale to the nanoscale. Due to the limi-
tations of space, the review has focused only on liquid crystals,
polymers, gels, and biological materials, as well as papers
claiming to be nanoarchitectonics and related works. The char-
acteristics of each are outlined as follows. Liquid crystals are
soft materials that exhibit moderate fluidity and order and can
serve as a central material in soft materials nanoarchitectonics,
as evidenced by their potential for developing stimuli-respon-
sive materials. For polymers, the design, synthesis and organi-
zation have been the subject of considerable research and devel-
opment, and a range of biopolymers can be sourced from
natural materials. Based on such knowledge, nanoarchitec-

tonics of polymers is being carried out in a variety of ways, em-
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ploying techniques such as LbL assembly to control the
assembly and structures. Polymer materials have advantages to
obtain specific functions for demands. In gel nanoarchitec-
tonics, the ability to combine components with disparate char-
acteristics in order to produce complementary or concerted
effects is facilitated by the provision of a modulative environ-
ment. Conversely, biomaterials have been developed to possess
advanced functionalities as components. The further assembly
of biomaterial components into advanced functional organiza-
tions represents a valuable method for the creation of even more
advanced functional materials. These approaches facilitate the
creation of diverse potential applications. The following exam-
ples illustrate the potential applications of these approaches:
organic semiconductor devices, electrochemical catalysts,
organic thin film sensors, solar power generation, plastic crystal
solid electrolytes, microactuators, intelligent light-responsive
materials, self-repairing composite materials, enzyme cascade
sensors, materials that enhance the healing of diabetic bone
defects, and materials with strong bactericidal capabilities
against resistant bacteria. In addition, soft materials nanoarchi-
tectonics has yielded a number of groundbreaking results. These
include the development of microrobots comprising two-dimen-
sional materials, fullerphene films with atomic-level recogni-
tion capabilities, and the creation of carbon pentagons that can
control spin and oxygen reduction reactions. Of course, these
examples are not exhaustive. Various examples on nanoarchi-
tectonics approaches can be seen in recent review articles [319-
323].

As shown above, soft materials nanoarchitectonics offers a vast
array of materials designs, specific functions, and potential ap-
plications. Even when considering a restricted selection of case
studies, the potential for innovation is indeed vast. Conse-
quently, nanoarchitectonics for soft materials, which possesses
flexible structures and numerous uncertainties, represents more
challenging targets. The examples selected for discussion as
soft materials nanoarchitectonics are also highly diverse in
terms of their components, structures, assembly patterns and
functions. Because nanoarchitectonics approaches often use
several process together, various types of interactions such as
electrostatic interaction, coordination, and hydrogen bonding
are involved. These interactions are applied with combined
ways in many cases. Based on these various possibilities, func-
tional materials systems have been continuously created [324-
327]. As aresult, they are subjects that cannot be easily unified.
The utilization of the knowledge and technology of researchers
themselves or those documented in the literature may prove
insufficient to fully harness the potential of soft materials
nanoarchitectonics. The optimal solution to this problem would
be the utilization of artificial intelligence, which has undergone

significant advancements in recent years. The application of
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machine learning [328-332] and materials informatics [333-
335] has led to significant advances in the field of artificial
intelligence, which is making a notable contribution to the ma-
terials science community. With regard to nanoarchitectonics, a
number of potential avenues for integration with materials
informatics have been proposed [336,337]. It is our contention
that the active introduction of artificial intelligence will prove to
be a pivotal factor in the advancement of soft materials nanoar-
chitectonics, which is characterized by its flexibility, diversity
and considerable potential, as evidenced by the findings
presented here.

This review presents a number of examples of soft materials
nanoarchitectonics and demonstrates the considerable potential
of this field of research. In addition, it has proposed that the in-
tegration of artificial intelligence would prove an effective
means of facilitating further development. Furthermore, the in-
tegration of processes at the nanoscale and the macroscale is
essential for the realization of practical mass production. Of
course, developments of characterization methods to analyze
intermediate processes in addition to product analyses would
become crucial. As overall conclusion, it is highly anticipated
that soft materials nanoarchitectonics will continue to evolve
significantly in the future.
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