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ABSTRACT
Ultimate functional materials could be functional substances found in biological systems. The organization of biological

organizations can be described as a rational entity composed of functional small molecules and objects. It is becoming increasingly

evident that liquid interfaces play a pivotal role in the development of sophisticated biological functions. It is therefore the

case that the present review discusses the subject of nanoarchitectonics in the context of liquid interfaces as the environment.

Specifically, the focus is on molecular recognition, analytical techniques, specific reactions, control of molecular machines

and microrobots at liquid interfaces, and regulation of biological phenomena utilizing liquid interface environments.

These examples will illustrate the role of liquid interfaces in achieving delicate nanoarchitectonics. The electronic properties

are modulated in accordance with the variations in dielectric natures, extending perpendicularly to the interface.

This enables delicate control of intermolecular interactions. Concurrently, the application of delicate forces within the

interface direction facilitates precise structural adjustments of molecular structures analogous to those observed in biological

systems. This theme is positioned as the convergence of chemistry (Chem) and nanotechnology/nanoarchitectonics

(Nano) for materials (Mat) creation. This paper reveals the unexpectedly important role liquid interfaces can play within this

context.

1 | Introduction

1.1 | Challenge Toward Ideal Materials

First of all, I would like to consider the future of functional mate-
rials by looking back. This is not a matter of decades, but the
history of the evolution of life, which dates back billions of years.
The mechanisms of existing biological organisms are highly
sophisticated, with numerous functional elements cleverly
arranged [1–3]. Such high functional systems have been built
up over billions of years of evolutional history of life. These ele-
ments function in a rational manner to perform a wide range of

functions at room temperature and pressure with extremely high
efficiency and selectivity. Developing such functional systems
could be said to be the ultimate goal of developing future mate-
rials. It is our responsibility to establish a methodology for cre-
ating the ultimate future materials within a few decades,
mimicking the know-how for creating functional systems that
has been built up over billions of years of evolutional history.

Living matter can be described as a rationally organized body of
functional small molecules and materials. While this organiza-
tion is highly sophisticated, it is safe to say that it falls within
the realm of materials science. The key to achieving this is
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(i) developing functional unit materials; (ii) controlling the precise
structure, such as the nanostructure, of those unit materials; and
(iii) rationally organizing those materials into functional systems.
Without the billions of years it took living organisms, humanity is
making progress on our historical scale. This progress can be so far
roughly summarized as follows. Humans originally processed nat-
ural materials to make tools and others. In the 20th century, vari-
ous material chemistries were developed, enabling them to create
materials upon our designs. The creation of functional materials
continues today through organic chemistry [4–8], inorganic chem-
istry [9–14], polymer chemistry [15–19], supramolecular chemistry
[20–24], coordination chemistry [25–29], materials chemistry [30–
35], biochemistry [36–41], and more [42–44]. Furthermore, it has
been discovered that the physical properties and functionality of
the same material can be improved by adjusting its precise struc-
ture, particularly its nanostructure [45–48]. Nanotechnology has
made this progress significantly, which makes it possible to
observe structures at the atomic and molecular level [49–52], cre-
ate and manipulate structures at a nanoscopic level [53–56], and
evaluate physical properties in these environments [57–60], which
is being actively conducted today.

1.2 | Nanoarchitectonics Has Appeared

Finally, architecting and organizing unit objects with controlled
nanostructures into functional materials are required. Indeed,
research into creating functional structures through assembly
and organization continues to attract attention. Self-assembly
and self-organization in supramolecular chemistry [61–65] and
thin-film fabrication methods such as, in interface science,
self-assembled monolayer (SAM) [66–68], the Langmuir-
Blodgett (LB) method [69–71], and layer-by-layer (LbL) assembly
[72–74] are being investigated as methods for creating structur-
ally controlled functional materials. Furthermore, methods for
creating ordered nanostructures, particularly nanoporous struc-
tures, have been developed including metal-organic framework
(MOF) in coordination chemistry [75–79], covalent organic
frameworks (COF) in polymer chemistry [80–83], and mesopo-
rous/nanoporous materials synthesized by template synthesis
[84–86]. While these research approaches each have their own
unique value systems, a more comprehensive and integrated
concept is needed. Just as nanotechnology has driven the
comprehensive development of nano- and micro-science and
technology, a more integrated concept of assembling materials
is required. This is the post-nanotechnology concept of nanoarch-
itectonics (Figure 1) [87], which is the concept of constructing
functional materials from nano-units such as atoms, molecules,
and nanomaterials [88, 89]. Just as nanotechnology was founded
by Richard Feynman in the mid-20th century [90, 91], nanoarch-
itectonics was proposed by Masakazu Aono as the 20th century
turned into the 21st century [92, 93]. Now in the 21st century, we
are transitioning from nanotechnology to nanoarchitectonics.

Nanoarchitectonics is a very general concept that weaves
together various processes to build functional materials from
nanoscale. It transcends the boundaries of physics, chemistry,
and biology and is applicable to any material and any application.
Nanoarchitectonics can incorporate not only expected molecules
and molecular association behavior, but also molecular design
including covalent bonds [94] and material synthesis such as

alloys [95]. Rather than proposing a completely new methodol-
ogy, nanoarchitectonics breaks down the boundaries between
fields to create an integrated concept. Because matter is essen-
tially composed of atoms and molecules, nanoarchitectonics
has the potential to become a universal principle applicable to
all materials. Just as physics aims to be a theory of everything
[96], nanoarchitectonics could become a method for everything
as ultimate strategy in materials science [97, 98].

1.3 | Delicate Nanoarchitectonics at Liquid
Interface

As mentioned at the beginning of this introduction, the ultimate
functional material would be a functional substance like that
found in biological systems. Biological tissues can be described
as objects composed of functional small molecules and small
objects organized in a rational manner. The reason such highly
functional objects can be constructed is because they provide a
suitable platform for nanoarchitectonics. What is the most impor-
tant feature that enables biological functions to be constructed and
functioned? It is an interface, specifically flexible and fluid inter-
face. For example, the phenomenon of liquid–liquid phase sepa-
ration (LLPS) has recently attracted attention [99–101]. Liquid–
liquid phase separation occurs spontaneously within cells, forming
membranes, separated endoplasmic reticular, which serves as a
site for various biological functions. Such structures are said to
be key to the emergence of life. It is becoming increasingly clear
that fluid interfaces, such as liquid interfaces, play an important
role in the development of advanced biological functions.

According to these backgrounds, this review paper will discuss
nanoarchitectonics using liquid interfaces as an environment.
Here, I will introduce several research examples, primarily using
the air–water interface as a model system that is easy to analyze
for liquid interfaces, and consider the essential role of liquid
interfaces in nanoarchitectonics. The review will cover molecular
recognition at liquid interfaces, analytical methods, reactions

FIGURE 1 | (A) Outline and history of nanoarchitectonics concept.

(B) Targets of this review article, roles of liquid interface with delicate

nanoarchitectonics.
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controlled at liquid interfaces, control of molecular machines and
microrobots at liquid interfaces, and regulation of biological phe-
nomena using the liquid interface environment. Overall, all of
these require extremely delicate control. Liquid interfaces are soft
and sometimes ambiguous, allowing for delicate parameter
changes and control of electronic and mechanical factors.
From this perspective, this review will discuss the role of liquid
interfaces in enabling delicate nanoarchitectonics.

2 | Molecular Recognition at Air–Water Interface

This section discusses molecular recognition phenomena at liq-
uid interfaces, particularly the air–water interface. The delicate
electronic changes at the air–water interface provide valuable
clues to understanding the fundamental mechanisms underlying
the function and structure formation of biological systems. The
sophisticated functionality of biological systems relies on highly
selective molecular recognition and molecular assembly.
Molecular recognition is essential for specific molecular signals
to be received by receptors and transmitted, and for specific func-
tional components to assemble and function together. Hydrogen
bonds play a central role in these processes. Indeed, hydrogen
bonds are essential for important functions such as the formation
of double helices in DNA and the reception of specific substrates
by receptors and enzymes. Hydrogen bonds interact through
hydrogen atoms based on electronic uneven distributions.
Therefore, hydrogen bonds are difficult to form in polar environ-
ments where charge imbalances are alleviated. Water, in partic-
ular, is the worst medium for hydrogen bonding. This presents a
serious paradox in biological function. Biological systems are
essentially aqueous solutions, where hydrogen bonds play a cru-
cial role. However, hydrogen bonds are difficult to form in water.
The solution to this contradiction is use of the interface where
water comes into contact. Molecular recognition in living organ-
isms does not occur independently in aqueous solution, but hap-
pen at interfaces in aqueous solution, such as the surface of cell
membranes, the inner wall interface of enzyme active pockets,
and the polymer interface formed by DNA. Without interfaces,
we cannot discuss biological functions.

What is the secret? What is the role of the interface? Research to
clarify this was conducted on monolayers at the air–water inter-
face. Receptor molecules were placed on the monolayer located
on the air-phase side, and various biomolecular were dissolved in
the aqueous phase [102–104], and molecular recognition phe-
nomena at this interface were examined. The results demon-
strated that biomolecular such as sugars [105], nucleic acid
bases [106], amino acids [107], peptides [108, 109], and nucleo-
tides [110] are recognized via hydrogen bonds. In other words, it
was experimentally demonstrated that, given the appropriate
interfacial environment, biomolecules can recognize each other
via hydrogen bonds even in the presence of water (Figure 2A).

Furthermore, it was investigated whether the type and shape of
the interface affect the strength of molecular recognition. The
molecular recognition pair was immobilized on guanidinium
and phosphate, and the binding constant was examined under
various conditions (Figure 2B) [111]. When guanidinium and
phosphate were dispersed in water, the binding constant was

only 1.4M−1. When the molecular recognition site was transferred
to the mesoscopic interface in water, such as the surface of a
micelle or a lipid bilayer vesicle, the binding constant increased
to 102–104 M−1. Furthermore, when the macroscopic air–water
interface was used as the recognition site, the binding constant
between guanidinium and phosphate reached 106–107 M−1.
Even with the same molecular recognition pair, the binding con-
stant could increase by a million to ten million times, simply by
changing the interfacial environment. Importantly, such a high
binding constant was obtained even in the presence of water.

Why does the strength of hydrogen-bonded molecular recogni-
tion dramatically increase at interfaces? A molecular model sys-
tem, such as that shown in Figure 2C, was established, and
quantum mechanical calculations were performed while varying
the interfacial position and the distance between the guanidi-
nium and phosphate molecules to estimate the binding constant
at each interfacial position [112]. In this research, reaction field
calculation combined with the AM1 molecular orbital method
was applied. A multidielectric system was used to simulate inter-
facial environment, where a cylindrically shaped dielectric with a
dielectric constant of 2 for the lipid phase was embedded in the
infinitely extended dielectric with a dielectric constant of 80 for
the water phase. However, this simplified calculation system
neglected dynamic diffusion effect of interfacial water molecules.
The binding constant is large when the system is in a hydropho-
bic phase and small when in a polar phase. However, the binding
constant changes significantly with delicate changes in the inter-
facial position, and experimental binding constants were repro-
duced even when the hydrogen-bonding site is in the aqueous
phase. Even if the hydrogen-bonding site is in the aqueous phase,
which has a high dielectric constant, intermolecular interactions
are influenced by the nearby low dielectric constant, allowing
hydrogen bonding. This is the secret behind how biological sys-
tems enable molecular recognition and assembly through hydro-
gen bonding in aqueous environments. When considering a
liquid interface such as an air–water interface perpendicular
to the interface, it can be considered a site where electronic
effects can be delicately altered. This not only enables hydrogen-
bond molecular recognition in biological systems, but also poten-
tially provides a site for delicate assembly of functional elements
containing water-soluble molecules.

The air–water interface has elucidated hydrogen bonding in
molecular recognition and has also become a platform for study-
ing different types of molecular recognition events. Ishii,
Akamatsu, and coworkers studied the mechanical control of
fluoride anion recognition with naphthalenediimide monolayers
at the air–water interface as shown in Figure 3 [113].
Mechanical stimuli, specifically monolayer compression and
expansion processes, modified the packing of the naphthalene-
diimide monolayer and repeatedly triggered anion binding and
the associated changes in membrane potential. This behavior
can be compared to the behavior of mechanosensitive ion chan-
nels in biological membranes. The behavior of anion binding or
release was dependent on the structure of the alkyl side chains
attached to the naphthalenediimide core. Naphthalenediimides
with saturated linear alkyl side chains exhibit a strong propensity
to interact with one another, thereby enabling molecular packing
around the vertically aligned naphthalenediimide core. The
packing mode is highly favorable for anion-π interactions, which
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form a charged sandwich structure with a significant
molecular footprint within the naphthalenediimide monolayer.
Compression of this naphthalenediimide monolayer led to a
phase transition, expelling anions and producing a discharge.

In contrast, naphthalenediimides with branched alkyl side
chains displayed the opposite tendency. The side chains’ low
packing tendency meant that anions were initially undetected
in the densely populated, large molecular areas prior to

FIGURE 2 | (A) Examples of biomolecular recognitions at the air–water interface. (B) Binding constants of guanidinium and phosphate pairs under

various environments. (C) Molecular model system for quantummechanical calculations with varying the interfacial position and the distance between

the guanidinium and phosphate molecules to estimate the binding constant at each interfacial position.
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compression. The compression of the monolayer formed a sand-
wich structure, leading to charging that is dependent on anion
recognition. These behaviors replicate signal production and
transmission processes found in biological systems, where differ-
ent stimuli and energy are converted into membrane potentials
via ion transport and binding. Implementing this concept in
artificial systems could result in the development of biomimetic
signal transmission devices and energy-gathering systems.
Combining two monolayers whose surface potential difference
changes sign upon the application of a mechanical stimulus
may be used to create an XOR gate in digital circuits. This
may lead to the creation of devices based on mechanically
induced ion recognition monolayers.

Molecular recognition phenomena of the inclusion type have
also been studied at the air–water interface. The air–water inter-
face in a two-dimensional confined space may elevate local
concentrations of both host and guest molecules, thus facilitating

the inclusion phenomenon. Ishii et al. found that ethoxy-
functionalized pillar[5]arene host molecules and amphiphilic
straight-chain fatty acid guest molecules create oriented mono-
layers at the air–water interface via inclusion-type self-assembly
(Figure 4) [114]. Here, a pseudorotaxane structure is created,
which orients and self-assembles at the air–water interface to
form a monolayer. The length of the alkyl chain in the fatty acid
guest determines the resulting monolayer’s structure according
to this principle. Straight-chain fatty acid guests form pseudoro-
taxane monolayers with ethoxy-functionalized pillar[5]arene
cavities oriented toward the water surface. In contrast, fatty acid
guests that are incompatible with ethoxy-functionalized pillar[5]
arene undergo phase separation. The guest mixing ratio and
chain length were found to control the stoichiometry of pseudor-
otaxane formation and the monolayer composition. Removing
guest molecules from pseudorotaxanes consisting of macrocyclic
host molecules and linear guest molecules should allow for the
formation of two-dimensional arrays of supramolecular pore

FIGURE 3 | The mechanical control of fluoride anion recognition with naphthalenediimide monolayers at the air–water interface, where mechanical

stimuli, specifically monolayer compression and expansion processes, modified the packing of the naphthalenediimide monolayer and repeatedly triggered

anion binding and the associated changes in membrane potential. Reproduced with permission [113]. Copyright 2024, American Chemical Society.

FIGURE 4 | Formation of oriented monolayers with ethoxy-functionalized pillar[5]arene host molecules and amphiphilic straight-chain fatty acid

guest molecules create at the air–water interface via inclusion-type self-assembly to result in a pseudorotaxane structure. Reproduced under the terms of

the CC-BY license [114]. Copyright 2025, Royal Society of Chemistry.
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structures. These materials are anticipated to be employed in sen-
sors and filters.

The mutual recognition within the monolayer described above is
also evident in the nanoarchitectonics of the in-plane film struc-
ture through chiral recognition. Researchers led by Negi studied
the behavior at the air–water surface of a monolayer consisting of
2,2 0-bis(octadecyloxy)-1,1 0-binaphthyl-6,6 0-dicarboxylic acid, a
compound with axial chirality resulting from a binaphthyl group
with two carboxylic acid groups (Figure 5) [115]. The racemic
form gives rise to a solid film, whereas the chiral S-isomer results
in a liquid film. The analysis of the atomic force microscope on
the monolayer structures showed that the actual lattice arrange-
ments of the two single layers are substantially distinct. The
structural differences are attributed to the stereoregularity caused
by axial chirality. These behaviors result in distinct intermolecu-
lar interaction patterns between the two monolayers. A solid film
of the racemic form is created through a cooperative network of
π–π interactions between the naphthyl rings and strong van der
Waals interactions. In contrast, the S-isomer of the chiral form
has a greater intermolecular distance than its racemic counter-
part, which makes it challenging for strong intermolecular forces
to act, and its long alkyl chains and naphthyl rings are arranged
one-dimensionally via van der Waals interactions. As the mono-
layer is compressed in this case, the dihedral angle of the
binaphthyl rings within the one-dimensional columnar structure
diminishes, and a phase transition from a liquid-expanded film to
a liquid-condensed film takes place. Chiral molecular informa-
tion can carefully regulate the intermolecular interactions
within a monolayer plane and determine its two-dimensional
nanoarchitecture.

Several developments have been made in methods for analyzing
phenomena at liquid interfaces, as outlined in the following sec-
tion. Methods such as these have made a significant contribution

to elucidating molecular recognition behavior at the air–water
interface. Biological membranes interact with small molecules
and proteins through different mechanisms, such as molecular
recognition, structural stabilization, and transmembrane signal-
ing. Molecular interactions within lipid monolayers, which rep-
licate biological membranes, hold significant relevance. Kim and
coworkers employed sum-frequency vibrational spectroscopy
with 1,2-dipalmitoyl-3-trimethylammonium propane, featuring
a choline group, as depicted in Figure 6A [116]. The sum-
frequency signal suddenly reappeared when aromatic molecules
were introduced into the aqueous phase due to molecular adhe-
sion. They examined the adsorption process of aromatic ring mol-
ecules in the aqueous subphase onto the choline group of
1,2-dipalmitoyl-3-trimethylammonium propane via cation-π
interactions. Evidence of π molecule penetration was observed
through increased CH signal intensity of the aromatic ring
and alterations in surface pressure. Benzylamine molecules,
unlike those of phenol and indole, competed with 1,2-dipalmitoyl-
3-trimethylammonium propane at the interface, thereby decreas-
ing the number density of cationic surfactant molecules. This
approach could be employed to sensitively evaluate the penetration
of foreign molecules into in vitro biological membrane models.

Interactions between peptides and anions are crucial to numer-
ous biological processes, including ion transport and signal trans-
duction. Examining them in model systems at the air–water
interface has significant implications in physiological contexts.
Gunwant and Pandey employed vibrational sum-frequency gen-
eration spectroscopy to study the interaction between the amphi-
philic peptide melittin and Hofmeister series anions at various
pH levels as shown in Figure 6B [117]. In acidic environments
with low pH, the various charge states of peptides have a signifi-
cant impact on their interactions with anions, and electrostatic
forces enhance the bonding between the peptide and the anion.
Interactions with anions under neutral pH conditions are

FIGURE 5 | Packings at the air–water surface of a monolayer consisting of 2,2 0-bis(octadecyloxy)-1,1 0-binaphthyl-6,6 0-dicarboxylic acid, a compound

with axial chirality resulting from a binaphthyl group with two carboxylic acid groups, where the racemic form gives rise to a solid film and the chiral

S-isomer results in a liquid film. Reproduced with permission [115]. Copyright 2023, Oxford University Press.
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primarily driven by the anion’s affinity for the peptide surface.
Peptides show stronger interactions with anionic species
that have high surface activity. As a result, the neutral charge
of the peptide leads to a substantial decrease in these interac-
tions. Under basic conditions, peptide-anion interactions
become independent of the type of anion. The interaction’s
strength is determined by the relative affinity and concentra-
tion of competing ions. In addition, these findings indicate that
water molecules at the interface have a significant impact on
controlling these interactions. Clarifying these interactions can
offer valuable insights into peptide stability, solubility, and
functionality, which will contribute to advancements in drug
delivery systems, antimicrobial therapy, and biotechnological
applications.

The air–water interface serves as an extremely valuable environ-
ment for research into molecular recognition. Hydrogen-bonding
molecular recognition is particularly crucial in living organisms,
and the fact that hydrogen bond strength is affected by delicate
variations in interfacial position is extremely significant. It leads
to the crucial conclusion that hydrogen bonding plays a signifi-
cant role in aqueous biological systems since they effectively uti-
lize the interfacial environment. Inclusion interactions, chiral
recognition, and other interactions are also investigated at the

air–water interface, in addition to hydrogen bonding. The asym-
metrical air–water interface is a sensitive medium for specific
spectral analyses. These analytical techniques are crucial instru-
ments for deciphering the intricate physical characteristics of liq-
uid interfaces. The following section provides recent
development of analysis at the air–water interface.

3 | Analysis at Air–Water Interface

There are now a lot of interests in ways to analyze what happens
at the surface of a liquid, like the air–water interface. The signals
used to analyze interfaces are not as strong as the methods used
to analyze bulk materials. Also, unlike with solid interfaces, it is
hard to use direct atomic and molecular observation methods
such as STM and AFM with nonsolid liquid interfaces. When
studying liquid interfaces, scientists use techniques such as mea-
suring surface pressure and spectroscopic techniques like
reflectance spectroscopy [118–120]. What’s more, a type of sec-
ond-order nonlinear spectroscopy is naturally selective to inter-
faces and has become a vital spectroscopic method for molecular
science research at interfaces [121, 122]. It is also useful to com-
bine these methods with theoretical approaches such as molecu-
lar dynamics simulations. This review cannot cover all of these

FIGURE 6 | (A) Application of um-frequencyvibrational spectroscopy to 1,2-dipalmitoyl-3-trimethylammonium propane and DPPC with adsorption

process of aromatic ring molecules in the aqueous subphase onto the monolayer via cation-π interactions. Reproduced with permission [116]. Copyright

2023, American Chemical Society. (B) Use of vibrational sum-frequency generation spectroscopy to study the interaction between the amphiphilic

peptide melittin and Hofmeister series anions at various pH levels. Reproduced with permission [117]. Copyright 2025, American Chemical Society.
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approaches here, but this section gives some examples of ways to
analyze things that happen at the air–water interface.

In their study, Nayak and his coworkers employed a combination
of conventional interface science techniques and computational
science to investigate monolayers of alkylated meta-substituted
azobenzene derivatives [123]. This investigation utilized a dual
approach of molecular dynamics simulations and surface pressure
measurements. The quantification of hydrogen-bonding interac-
tions in their photoisomeric monolayers was the subject of their
research. Molecular dynamics simulations were utilized to analyze
Z-density profiles, radial distribution functions, order parameters,
and hydrogen bonds, thereby confirming experimental observa-
tions of changes in monolayer surface pressure, dipole moment,
and thickness. The results of the study revealed significant details.
Minor alterations in the quantity of hydrogen bonds present
within intermolecular and molecule-water interactions have been
demonstrated to induce substantial modifications in the properties
of monolayers. The position of the substituents on the phenyl ring
of azobenzene exerts a significant influence on the stability of the
trans- and cis-isomers. The self-assembly properties of azobenzene
molecules can be significantly altered by supramolecular aggrega-
tion through intermolecular hydrogen bonding. The quantifica-
tion of hydrogen-bonding interactions is imperative for the
rational design and optimization of self-assembled materials for
a range of applications. Amphiphilic azobenzene molecules have
significant potential for the design of photocontrollable functional
supramolecular systems in aqueous media. These analytical
results are of fundamental importance for the design of photores-
ponsive molecules with customized properties for targeted drug
delivery and other industrial applications.

Acidity is a significant factor in determining chemical reactivity
in atmospheric aqueous aerosols and in microdroplets employed
in catalytic reactions. It requires to elucidate the differences in
acidity between bulk solutions and interface. To this end, de
la Puente and Laage conducted neural network-based hybrid
molecular simulations of density functional theory, accounting
for explicit nuclear quantum effects [124]. These simulations
were then combined with analytical models to successfully
describe the pH and self-ion concentration of droplets and films
ranging in size from nanometers to micrometers (Figure 7). The

present study elucidates the mechanisms by which the acidity of
water droplets and thin films is regulated by the properties of the
air–water interface and the surface area-to-volume ratio.
Utilizing molecular dynamics simulations, they elucidated the
alterations in the self-dissociation equilibrium of water slabs
and the stability of hydronium and hydroxide ions as they
approach the air–water interface. Subsequently, these results
were incorporated into a general analytical model, thereby
revealing the pH and ion concentration profiles of droplets
and water films that exhibit size-dependent changes. In system
sizes of less than a few tens of nanometers, acidity is found to be
strongly dependent on the surface area to volume ratio. The pres-
ence of hydroxide ions in the core, along with hydronium stabi-
lization at the interface, results in an increase in pH. The results
obtained in pure aqueous systems have significant implications
for the understanding of chemical reactivity in atmospheric aero-
sols and catalysis in aqueous microdroplets. The model can be
readily extended to encompass scenarios involving the presence
of multiple acidic species. This will contribute significantly to our
understanding of the chemical reactivity of atmospheric aerosols,
whose properties are fundamentally affected by acidity.

The accurate modeling of aerosol climate impacts is contingent
upon the correct characterization of the acid–base behavior
and surface protonation states of atmospherically relevant
organic acids. Furthermore, such characterization is also
conducive to the advancement of our understanding of interfa-
cial reactivity. Rapf and coworkers conducted a study on the pro-
tonation states of two medium-chain α-hydroxy acids, namely
2-hydroxyhexanoic acid and 2-hydroxyoctanoic acid [125].
This investigation was conducted at the air–water interface
and in bulk (Figure 8). The effective surface pKa values obtained
from conventional surface tension measurements are influenced
by contributions from adsorption and desorption processes.
Consequently, these values do not directly probe differences in
dissociation equilibria at interfaces. In this study, the surface dis-
sociation of α-hydroxy acids was investigated in situ using infra-
red reflection–absorption spectroscopy (IR-RAS). It has been
determined that the measurement of pH in bulk form alone is

FIGURE 7 | Neural network-based hybrid molecular simulations of

density functional theory combined with analytical models to success-

fully describe the pH and self-ion concentration of droplets and films

ranging in size from nanometers to micrometers, where the pH and

ion concentration profiles of droplets and water films exhibit size-depen-

dent changes. Reproduced with permission [124]. Copyright 2023,

American Chemical Society.

FIGURE 8 | Investigation of the surface dissociation of two medium-

chain α-hydroxy acids, namely 2-hydroxyhexanoic acid and 2-hydroxyoc-

tanoic acid by in situ using infrared reflection–absorption spectroscopy

(IR-RAS) with consideration on differences in dissociation equilibria

at interfaces. Reproduced with permission [125]. Copyright 2025,

American Chemical Society.
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an inadequate predictor of the distribution of species present at
interfaces. Therefore, the importance of fundamental laboratory
studies to investigate speciation at the air–water interface as a
function of solution conditions has been confirmed. The proton-
ated forms of organic acids exhibit increased surface activity,
while the deprotonated, charged anionic forms demonstrate
greater solubility in the bulk. Consequently, a discernible
alteration was evident at the air–water interface for both
2-hydroxyhexanoic acid and 2-hydroxyoctanoic acid, accompa-
nied by a decline in the degree of dissociation relative to the bulk.
It was also observed that surface activity increased with increas-
ing tail length, with the relative magnitude of the effect increas-
ing. It was hypothesized that the discrepancy in surface activity
between the acid and anionic species is likely to account for a
significant proportion of the observed change in protonation
state at the interface.

Elucidation of the energy dissipation process is imperative to
comprehension of the various phenomena occurring in nature.
In particular, the vibrational relaxation and its timescale at water
interfaces where the hydrogen-bonding network is disrupted
have been a topic of debate. In their research, Tahara and
coworkers centered their attention on the OH stretching of
interfacial water at the air–water interface [126]. Utilizing
femtosecond time-resolved, heterodyne-detected vibrational
sum-frequency generation (TR-HD-VSFG) spectroscopy, they
embarked on an investigation into its vibrational relaxation.
This finding indicates that the vibrational relaxation of interfacial
hydrogen-bonded OH occurs predominantly via an intramolec-
ular relaxation mechanism, analogous to that observed in bulk
water. This phenomenon signifies the conversion of excited free
OH to excited hydrogen-bonded OH, which is subsequently fol-
lowed by a relaxation process leading to lower-frequency vibra-
tions. The present study endeavors to derive a unified picture of
vibrational relaxation at the air–water interface. It was therefore
possible to clarify the overall relaxation dynamics of the OH
stretching vibration at the air–water interface. Moreover, the dif-
ferences and similarities with the relaxation dynamics in bulk
liquid water were elucidated. These experimental observations
provide a solid foundation for understanding the energy dissipa-
tion processes at various water interfaces with broken hydrogen
bond networks at the air–water interface.

Conical intersections (CIs) have been shown to play a pivotal role
in the manipulation and control of photochemical reaction path-
ways of molecules at interfaces and surfaces, with the capacity to
influence their molecular dynamics. Rao and coworkers devel-
oped phase-cycling interface-specific two-dimensional electronic
spectroscopy (i2D-ES) as a tool for characterizing CIs at interfa-
ces and surfaces (Figure 9A) [127]. In conjunction with advanced
computational modeling, the nonadiabatic CI dynamics of mol-
ecules at the air–water interface were investigated. i2D-ES is a
fourth-order nonlinear spectroscopy technique in which four
related pulses generate polarized light, resulting in the observed
interface-specific spectral signal. Specifically, a phase-locked
pump pulse pair is integrated with an interface-specific electronic
probe to obtain two-dimensional interface-specific responses. It
was demonstrated that the nonadiabatic transitions of surface-
active azo dye molecules occurring via interfacial CI have kinetic
pathways that differ from those in bulk water. The findings of the
present study indicate that the orientational configuration of

molecules exerts a significant influence on the reaction pathways
at interfaces and surfaces. The orientational configurations of
molecules, both in the ground and excited states, play an impor-
tant role in determining the reaction pathways at interfaces and
surfaces. The rates of interfacial charge separation and recombi-
nation have a significant impact on the efficiency of photovoltaic
devices. The present study offers novel insights into the kinetics
and lifetime of electronic states implicated in nonadiabatic tran-
sitions. It is anticipated that this will facilitate the elucidation of
all light-induced interfacial processes, encompassing solar energy
conversion, photosynthesis, photocatalysis, and environmental
photochemistry.

Qian, Pascal, Saykally, and coworkers utilized resonantly
enhanced deep-UV second-harmonic generation spectroscopy
to ascertain the Gibbs free energy of adsorption of carbonate
(CO3

2−) and bicarbonate (HCO3
−) ions at the air–water interface

(Figure 9B) [128]. Utilizing resonantly enhanced deep-UV
second-harmonic generation (DUV-SHG) spectroscopy, the
researchers were able to directly probe carbonate and bicarbon-
ate anions at the air–water interface with a high degree of surface
specificity. In contrast to the predictions of classical electrostatic
theory, it was found that divalent carbonate anions exhibited a
stronger preference for the air–water interface than monovalent
carbonate anions. The magnitude of this phenomenon was mea-
sured by calculating the respective Gibbs free energies of adsorp-
tion. The analysis revealed a high speciation of carbonate species
in proximity to the interface, along with the presence of a deep
potential minimum. These findings contribute to the advance-
ment of fundamental understanding in the field of ion adsorption
chemistry and have implications for significant practical pro-
cesses, including ocean acidification, the chemistry of seawater
spray aerosols, and mammalian respiratory physiology.

FIGURE 9 | (A) Phase-cycling interface-specific two-dimensional

electronic spectroscopy (i2D-ES) for characterizing conical intersections

(CIs) of molecules at interfaces and surfaces. Reproduced with permission

[127]. Copyright 2023, American Chemical Society. (B) Resonantly

enhanced deep-UV second-harmonic generation spectroscopy to investi-

gate adsorption of carbonate (CO3
2−) and bicarbonate (HCO3

−) ions at

the air–water interface. Reproduced with permission [128]. Copyright

2024, American Chemical Society.
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At the air–water interface, a multitude of physical properties
deviate from those observed in the bulk, not limited to
hydrogen-bond molecular recognition. The occurrence of such
events is contingent upon delicate environmental changes in
the vicinity of the interface. In addition to conventional interface
science techniques, spectroscopy based on nonlinear optics has
been demonstrated to be effective in analyzing these properties.
Moreover, theoretical approaches, including molecular dynamics
simulations, provide substantial support for these analyses. In
contemplating the future, the analysis of delicate physical prop-
erties at liquid interfaces may represent an area in which artifi-
cial intelligence (AI) can be effective.

4 | Liquid Surface Reaction

Changes in physical properties at liquid interfaces, including
intermolecular interactions such as hydrogen bonding and acid
dissociation, have been demonstrated to result in a variety of phe-
nomena. For instance, the reactivity of molecules present at a
liquid interface can undergo alteration, which may consequently
give rise to reactions that are exclusive to the interface.
Consequently, liquid interfaces can also be considered to be sites
where unique reactions can occur. This section introduces some
of the recent research on the properties and analysis of liquid
interfaces.

The gas–liquid interface of micro/nanobubbles has been shown
to function as a reaction field for heterogeneous interfacial reac-
tions. Pradeep and coworkers reported the formation of carbon–
carbon bonds at the air–water interface of negatively charged
aqueous microdroplets at room temperature (Figure 10), result-
ing in a catalytic carbon dioxide reduction reaction [129]. The
reaction is initiated by the generation of a carbanion at the
α-carbon of a ketone, which is then followed by a nucleophilic
addition to CO2. The formation of a C─C bond within the
charged microparticles is initiated by the chemical inertness of
CO2 and the α-carbon of a ketone. The utilization of online mass
spectrometry has led to the identification of the substance as a
β-keto acid. The initial step in the reaction sequence is the ioni-
zation of the ketone, which occurs via C─H cleavage at the

α-position. The newly formed carbanion is concentrated at the
interface, thereby promoting nucleophilic attack on the C-center
of CO2, which is the key step in the reaction. The reaction rate is
influenced by several factors, including the concentration of the
reactants, the pressure of the CO2 gas, and the distance traveled
by the droplets. Preliminary theoretical calculations suggest that
the presence of water in the microdroplets is conducive to this
unique chemical reaction. Moreover, this microdroplet strategy
has been expanded to encompass seven ketones. This work dem-
onstrates a green route to reducing CO2 to useful carboxylated
organic compounds, thus showing great potential for converting
environmental CO2 into useful materials. This has significant
ramifications for the comprehension of gas–liquid interfacial
chemistry in confined spaces, including clouds, aerosols, rain-
drops and mists.

Chlorine oxides have been identified as playing a significant role
in the depletion of the ozone layer, with the final oxidation step
of chlorine oxides resulting in the production of chloric acid
(HClO3) or perchloric acid (HClO4). In their investigation,
Francisco and colleagues examined the solvation and reactive
adsorption of three stable isomers of chlorine trioxide (Cl2O3),
namely ClOCl(O)O, ClClO3, and ClOOOCl, at the air–water
interface [130]. To do so, they employed a combination of classi-
cal and hybrid quantum mechanics/molecular mechanics
(QM/MM) molecular dynamics (MD) methods, in conjunction
with advanced free energy approaches. The free energy profiles
for the hydrolysis reactions of the three isomers were calculated,
and reactive adsorption of Cl2O3 on aerosols was revealed, as well
as the formation of ClO3

− or HClO3. The results provide evidence
for the hypothesis that HClO3 functions as a sink for chlorine
oxides. Furthermore, they provide theoretical support for the
widespread distribution of HClO3 observed in the Arctic.

It has been demonstrated that the chemical reactions of pyruvate
occur in microdroplets but are limited in bulk solution under
thermal and dark conditions. Continetti, Grassian, and cowork-
ers utilized in situ Raman microscopy as a probe to investigate
the chemical reactions of pyruvate in aqueous microdroplets
within a relative humidity- and temperature-controlled environ-
mental cell (Figure 11) [131]. In this study, Raman microscopy is

FIGURE 10 | Formation of carbon–carbon bonds at the air–water interface of negatively charged aqueous microdroplets at room temperature,

resulting in a catalytic carbon dioxide reduction reaction. Reproduced with permission [129]. Copyright 2024, Wiley-VCH.
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utilized as an in situ probe to investigate the evolution of the
chemical composition and size of aqueous pyruvate microdrop-
lets deposited on a hydrophobic substrate. As the reaction
progresses, the droplet size undergoes dynamic changes in
response to alterations in droplet composition and re-equilibration
with the relative humidity in the environmental cell. The dem-
onstration of size-dependent sigmoidal kinetics, as observed for
the first time in microdroplets, underscores the intricacy of the
reaction mechanism and the significance of the air–water inter-
face in the pyruvate condensation reaction. The process of con-
densation of pyruvate in microdroplets under acidic conditions
has been observed to increase with decreasing droplet size
and relative humidity. The dynamic properties of droplet compo-
sition, size, and surface reactivity, driven in part by the equilib-
rium pressure of gas-phase HO, produce complex reaction
kinetics. Elucidation of these divergent effects within aqueous
droplets is imperative to comprehending their reactivity.

The reactive incorporation of bromine nitrate (BrONO2) into
aqueous aerosols is a crucial process in atmospheric bromine
chemistry. BrONO2 has been observed to form halogen bonds
with neighboring water molecules, thereby disrupting the hydro-
gen-bonding network and potentially resulting in unconven-
tional chemical behavior. Yuan, Wang, and colleagues
conducted a study to investigate the solvation and hydrolysis
of BrONO2 at the air–water interface [132]. This investigation
utilized a combination of quantum chemical calculations, classi-
cal molecular dynamics, and ab initio molecular dynamics
(AIMD) simulations. Free energy calculations have demon-
strated that BrONO2 has a strong tendency to remain at the
air–water interface, thereby providing favorable conditions for
further hydrolysis. The interplay between halogen bonding
and solvation at the air–water interface leads to the spontaneous
formation of H2OBrONO2 from BrONO2. Furthermore, the ion-
pair mechanism for the reaction of H2OBrONO2 was demon-
strated to be both kinetically and thermodynamically feasible.
These results further emphasize the importance of aerosol inter-
faces in atmospheric halogen chemistry and provide new insights
into the role of halogen bonding in facilitating other molecular
reactions at the water interface.

Methane is a potent greenhouse gas, and its atmospheric lifetime
is primarily controlled by oxidative reduction. Zhu, Chu, and
their coworkers conducted a study on the photooxidation of

methane (CH4) in both gas-phase and microdroplet systems
under UV irradiation (Figure 12) [133]. It was reported that
the photooxidation of CH4 at the air–water interface of micro-
droplets exhibited an order-of-magnitude rate increase compared
to the gas-phase reaction. In this study, original N-layer inte-
grated molecular orbital and molecular mechanics calculations
were employed to investigate the CH4 oxidation process, thereby
gaining atomic-level insight into the photooxidation mechanism
at the air–water interface. One hundred snapshots were uni-
formly extracted from the last 5 ns of the molecular dynamics
simulation trajectory to simulate the absorption spectrum.
A combined QM/MM approach was employed: the CH4 molecule
was treated at the quantum mechanical (QM) level and the sur-
rounding water molecules were included in the molecular
mechanics (MM) region. The M06–2X functional with the
aug-cc-pVTZ basis set was employed in the QM region, while
background point charges represented the MM region. All
QM/MM calculations were performed using Gaussian09

FIGURE 11 | Chemical reactions of pyruvate in aqueous microdroplets within a relative humidity- and temperature-controlled environmental cell,

where Raman microscopy is utilized as an in situ probe to investigate the evolution of the chemical composition and size of aqueous pyruvate micro-

droplets deposited on a hydrophobic substrate. Reproduced under the terms of the CC-BY license [131]. Copyright 2023, American Chemical Society.

FIGURE 12 | Photooxidation of methane (CH4) in both gas-phase and

microdroplet systems under UV irradiation in which original N-layer

integrated molecular orbital and molecular mechanics calculations were

employed to investigate the CH4 oxidation process, thereby gaining

atomic-level insight into the photooxidation mechanism at the air–water

interface. Reproduced with permission [133]. Copyright 2025, American

Chemical Society.
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software. The accelerated photochemical oxidation of methane
(CH4) at the air–water interface of microdroplets is primarily
attributable to two factors. Firstly, there is the rapid accumula-
tion of hydroxyl radicals (•OH) at the interface, which react
with methane via a low-energy barrier mechanism to produce
methyl radicals (•CH3) with high efficiency. Secondly, there is
the spontaneous reaction of methyl radicals at the interface
with oxygen (O2) via a barrierless exothermic process, which
ultimately produces significantly higher concentrations of
methyl hydroxide (CH3OOH) compared to the conventional
bulk-phase reaction. The identification of a hitherto unrecog-
nized reaction pathway has provided a quantitative understand-
ing of how the collective interactions between photons and
microdroplets govern both oxidation rates and product selectiv-
ity. These findings provide essential mechanistic evidence for
updating methane budget models, particularly with respect to
cloud- and aerosol-driven interfacial photochemistry. The
transformation of methane (CH4) at the air–water interface
has been shown to be enhanced by microdroplets, a process
which has far-reaching implications for a number of atmo-
spheric chemical processes. These include the formation of sec-
ondary organic aerosols, the production of acid rain and the
mitigation of the greenhouse effect.

The C─F bond is widely regarded as the strongest single bond in
organic chemistry. Activation typically necessitates stringent
reaction conditions, frequently involving costly transition metal
catalysts or aggressive reagents. In stark contrast, Shibata,
Banerjee, and coworkers demonstrated a reagent-free defluorina-
tion reaction using only water at the air–water interface
(Figure 13) [134]. The study observed selective cleavage of
Csp2─F and Csp3─F bonds when aqueous solutions of organo-
fluorine substrates (ArF and ArCF) were sprayed into air. The
generation of highly reactive carbocation species and fluoride
anions occurred at the air–water interface. The carbocations that
were formed at the air–water interface subsequently reacted with
various nucleophiles to generate defluorination products. The
one-electron reduction of aromatic substrates has been shown
to promote rapid heterolytic cleavage of C─F bonds, occurring
in less than 1ms. The elimination of fluorine from organofluor-
ine compounds by water has been demonstrated to be an effec-
tive process. This reaction is characterized by its independence
from catalysts or reagents, relying exclusively on water as a sol-
vent. This characteristic opens up a novel pathway for sustain-
able and environmentally friendly C─F bond activation. This
work serves to expand the existing scope of microdroplet chem-
istry and to establish new avenues for the utilization of aqueous
interfaces as catalysts for unconventional transformations of
fluoroarenes.

Feng and coworkers have proposed a methodology for the emu-
lation of chemical reactions on water surfaces, utilizing micelles
(Figure 14) [135]. In this strategy, a hydrophobic core and an
aqueous layer form an interface, thereby creating an environ-
ment that promotes chemical reactions similar to those on water
surfaces. Utilizing the water-surface interface of these micelles,
the researchers successfully demonstrated the reactivity and site
selectivity of 14 reversible and irreversible chemical reactions. By
extending this method of confining monomers with preorganized
structures on the micellar surface, the researchers further dem-
onstrated the applicability of the method to two-dimensional
polymerization at the micellar interface. The synthesis of thin
crystalline 2D polymer layers in aqueous solution was success-
fully achieved. Uniform circular sheet size distributions with
micrometer- and nanometer-scale thicknesses were achieved.
This strategy has the potential to considerably extend the appli-
cability of water-surface chemistry to a broad spectrum of chem-
ical syntheses. This approach introduces a method to extend
underwater surface chemistry to upscalable aqueous synthesis,
thereby broadening the accessibility of underwater surface chem-
istry to a wide range of chemical and material synthesis.

Chemical reactions occurring on liquid surfaces offer certain
advantages, including enhanced reactivity, well-defined selectiv-
ity, and a defined reaction space. Localization of reaction species
at liquid interfaces also provide precious opportunities to analyze
reaction mechanisms with specifying reaction intermediates. In
addition, the development of reaction sites that exploit these
properties beyond the macroscopic air–water interface is also
highly desirable. Such systems can be recognized as good models
for environmental situations. Analyses of reaction mechanisms
at such microscopic liquid interfaces would give useful informa-
tion for environmental remediations.

5 | Molecular Machine and Microrobot on Liquid
Interface

As demonstrated in the preceding sections, the subtle environ-
mental variations in proximity to an interface have been shown
to exert a significant influence on the stability, intermolecular
interactions, and intermolecular reactivity of molecules and
materials. This phenomenon can be attributed to the presence
of electronic effects, such as the substantial change in the dielec-
tric constant of a medium when observed perpendicularly to an
environment, such as an air–water interface. In this section, the
role of the in-interface (lateral) direction is considered. It is evi-
dent that dynamic interfaces, including liquid interfaces, are
capable of macroscopic deformation, measured in tens of centi-
meters, along the film plane direction. This movement can be
coupled with molecular-level phenomena in the film thickness
direction. Utilizing this fundamental principle enables the
manipulation of molecular-level objects at a liquid interface
through macroscopic mechanical actions [136, 137].

As illustrated in Figure 15, a molecular machine deployed on the
water surface can be controlled with macroscopic movements
analogous to those of the hand [138, 139]. The used molecular
machine (steroid cyclophane) consists of four hydrophilic cholic
acid units, which are connected to a ring substance. The machine

FIGURE 13 | Reagent-free defluorination reaction using only water at

the air–water interface. Reproduced with permission [134]. Copyright

2025, American Chemical Society.
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is spread out and attached to the water surface. In the event of
lateral compression of a monolayer composed of the aforemen-
tioned molecular machine, the molecular machine undergoes
closure, resulting in the formation of a cavity structure. At this
time, the molecular machine exhibits the capacity to capture
guest molecules that are dissolved in the water phase. The molec-
ular machine monolayer at the air–water interface can be manip-
ulated through macroscopic compression and expansion,
enabling the molecular machine to grasp and release guest mol-
ecules. The employment of a liquid interface enables the precise
control of the molecular machine through macroscopic manual
manipulation.

It has been demonstrated that this technique can also be used to
adjust the conformation of molecular receptors continuously. The
molecular conformation of the receptor can be modified through
the application of lateral compression to the monolayer, which is
spread at the air–water interface. This technique facilitates the
unrestrained modification of the chiral recognition of amino acids
[140], and the distinction between thymine and uracil derivatives
that differ by a single methyl group [141]. It can be concluded that
the configuration of molecular receptors can be adjusted at liquid
interfaces in order to function in an optimal manner.

Figure 16 is a classification of molecular recognition modes [142].
The most prevalent approach entails the identification of a single

state in which the host–guest bond structure exhibits the greatest
degree of energetic stability. This is the basis of supramolecular
chemistry, for which the Nobel Prize in Chemistry was awarded
in 1987. An advanced version of this is the switching of host
structures in response to external stimuli. The process entails
the generation of multiple states, which facilitate the transition
between molecular recognition. This fundamental principle
underlies the operation of molecular machines, a field that
was recognized with the Nobel Prize in Chemistry in 2016.
Conversely, the conformational control of molecular receptors
on liquid surfaces can be regarded as a form of tuning [143].
By tuning to generate all of the infinite possible molecular struc-
tures, it is possible to select the desired structure from among the
many possibilities. This is distinct from the previous single-state
and several-state modes.

A re-evaluation of the force required to effect changes in molec-
ular structure is considered. Molecular structure changes, such as
those caused by photoisomerization, which are utilized in
organic chemistry, require forces of the order of several thou-
sands of pN. In contrast, molecular changes in biological systems,
such as myosin walking, are caused by extremely delicate forces
of several to several tens of pN. The force required for molecular
manipulation at the air–water interface is calculated to be in the
range of 0.5–35 pN, which is comparable to the delicate mechan-
ical manipulation of molecular deformation in biological systems

FIGURE 14 | Methodology for the emulation of chemical reactions on water surfaces, utilizing micelles (top), where, a hydrophobic core and an

aqueous layer form an interface, thereby creating an environment that promotes chemical reactions similar to those on water surfaces See step-wise

synthesis at bottom). Reproduced under the terms of the CC-BY license [135]. Copyright 2024, Springer-Nature.
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[144]. Consequently, the function of the liquid interface in rela-
tion to the membrane surface is to facilitate precise mechanical
manipulation.

The manipulation of matter at liquid interfaces is not limited to
molecular machines or molecular receptors; it can also be applied
to a variety of objects. The following examples are provided to
illustrate this phenomenon. A further investigation was con-
ducted into the effect of interfacial tension imbalance on micro-
gel monolayers. Karg and coworkers conducted a systematic
study of the behavior of monolayers at the air–water interface,
controlled by the addition of sodium dodecyl sulfate or linear
poly-N-isopropylacrylamide homopolymer (Figure 17) [145].
The fabrication of freely floating core–shell microgel monolayers
can be achieved by means of direct injection of a microgel-
containing spreading solution into the air–water interface.
Depending on the interfacial tension imbalance, the monolayer
undergoes a change in morphology, either expanding, contract-
ing, or maintaining its original form. The structural and dynamic
characteristics of freely suspended core–shell microgel mono-
layers at the air–water interface were found to be governed by
the external interfacial tension, defined as the interfacial tension
external to the region encompassed by the monolayer. This find-
ing may provide a new strategy for controlling the interparticle
distance of microgel monolayers at fluid interfaces, replacing
conventional Langmuir trough devices, which control the state
of the monolayer by compression through a movable barrier.

The prospect of manipulating hydrogel microrobots through the
utilization of multiphysical fields has garnered significant atten-
tion, particularly with regard to their potential applications in the
domains of biomedical engineering and environmental explora-
tion. Luo, Liu, Yang, and coworkers conducted a study on the
multimodal locomotion and dynamic interactions of hydrogel
microrobots at the air–water interface under magnetic and opti-
cal stimuli (Figure 18) [146]. The synthesis of magnetically and
photoresponsive disk-shaped hydrogel microrobots was accom-
plished through the utilization of a prepolymer solution and
Fe3O4 nanoparticles. Through the fabrication of hydrogel
microdisks with varying dimensions and magnetic particle

FIGURE 15 | Molecular machine (steroid cyclophane) on water sur-

face exhibits the capacity to capture guest molecules dissolved in the

water phase upon lateral compression of its monolayer.

FIGURE 16 | Classification of molecular recognition modes: one state modes, switching mode, and tuning mode.
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concentrations, a range of behaviors was observed and substan-
tiated. In particular, the hydrogel microdisks exhibited remark-
able responsiveness to both a rotating magnetic field (RMF) and
near-infrared (NIR) light. The influence of the RMF on the
behavior of a pair of hydrogel microrobots located at the air–
water interface was observed to result in a transition from a coor-
dinated complex rotation to an interactive behavior involving
both rotation and revolution. Concurrently, under NIR illumina-
tion, a transition from attraction to separation was observed,

thereby demonstrating dynamic behavioral changes in response
to divergent stimuli. Specifically, the behavioral patterns exhib-
ited by multiple hydrogel microrobots under a multiphysical field
demonstrate the capacity of NIR light to enhance interactive
motion under RMF, thereby extending the range of motion tra-
jectories. The utilization of the characteristics of multiphysical
field driving facilitates a transition from cooperative motion to
interactive motion among multiple hydrogel microdisks, thereby
enhancing the manipulation ability and efficiency of these hydro-
gel microrobots.

The conception and development of intelligent robots capable of
unrestricted movement on water, emulating the behavior of
aquatic organisms, represents a highly appealing objective. Xie
and coworkers have developed an underwater robot resembling
a water strider that does not require assembly (Figure 19) [147].
This robot is composed of a single layer of light-programmable
liquid-crystal elastomer. The light-programmable liquid-crystal
elastomer was designed as a four-legged structure, with the front
and back legs individually programmable by light. The strider
demonstrated self-oscillation and self-propulsion behavior on
water with a temperature gradient at the air–water interface,
owing to an imbalance in contact area and tension between
the legs and the water. Following the implementation of selective
coating, the light-programmable liquid-crystal elastomer strider
was subjected to local and remote heating, thereby enabling the
modulation of its trajectory. The trajectory was successfully mod-
eled, with the navigation process being replicated with precision.
This mimics the fundamental survival technique employed by
natural water striders. This design method will provide a foun-
dation for the conceptualization of other types of soft intelligent
machines.

The capacity of mobile microrobots to navigate, sense, and inter-
act with their environments is well documented. This finding has
the potential to transform the fields of biomedicine and environ-
mental remediation. The utilization of self-organizing swarms of
microrobots has been demonstrated to be advantageous for oper-
ating in complex environments. Wang, Petersen, Sitti, and
coworkers conducted a study into a microrobot assembly system
that is capable of on-demand reconfiguration [148]. This system
is able to adapt and exploit its environment in order to perform
a variety of functions at the air–water interface (Figure 20).
A group of approximately 120 microdisks was subjected to an
externally applied magnetic field that varied over time. The sys-
tem demonstrated a range of modes, transitioning between iso-
tropic and anisotropic states, and between globally driven and
self-propelled behaviors. These behaviors are enabled by several
particle–particle and hydrodynamic, capillary, and magnetic
dipole–dipole interactions, which are controlled by an external
magnetic field. The potential exists for its eventual transforma-
tion into a three-dimensional system for utilization in microscale
packaging and medical applications, such as targeted delivery of
active drugs or other cargoes. Its use as a reconfigurable micro-
machine in biomedical and environmental applications is also
valuable.

Dynamic interfaces, such as liquid interfaces, exhibit macro-
scopic deformation in the film plane. This movement can be cou-
pled with molecular-level phenomena in the film thickness
direction. The utilization of this fundamental principle enables

FIGURE 17 | Freely floating core–shell microgel monolayers formed

by means of direct injection of a microgel-containing spreading solution

into the air–water interface undergo a change in morphology, either

expanding, contracting, or maintaining its original form depending on

the interfacial tension imbalance: preparation (top) and motion examples

(bottom). Reproduced under the terms of the CC-BY license [145].

Copyright 2025, American Chemical Society.

FIGURE 18 | The multimodal locomotion and dynamic interactions

of hydrogel microrobots at the air–water interface under a rotating mag-

netic field (RMF) and near-infrared (NIR) light. Reproduced with permis-

sion [146]. Copyright 2024, American Chemical Society.
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the manipulation of molecular-level objects through macroscopic
movement at a liquid interface. The forces required for molecular
manipulation at an air–water interface are analogous to the

delicate mechanical manipulation of molecular deformation in
biological systems. It can thus be concluded that the function
of a liquid interface in the film plane direction is to facilitate

FIGURE 19 | Underwater robot resembling a water strider composed of a single layer of light-programmable liquid-crystal elastomer, in which the

light-programmable liquid-crystal elastomer was designed as a four-legged structure, with the front and back legs individually programmable by light.

Reproduced with permission [147]. Copyright 2025, American Chemical Society.

FIGURE 20 | Microrobot assembly systems capable of on-demand reconfiguration to perform a variety of functions at the air–water interface where a

group of approximately 120 microdisks is subjected to an externally applied magnetic field with a range of modes, transitioning between isotropic and

anisotropic states, and between globally driven and self-propelled behaviors. Reproduced under the terms of the CC-BY license [148]. Copyright 2022,

Springer-Nature.
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precise mechanical control. Macroscopic movements, such as
those of a hand, have been shown to be capable of manipulating
molecular machines when they are deployed on the water sur-
face. The manipulation of objects at liquid interfaces is not lim-
ited to molecular machines or molecular receptors, but is also
applicable to a variety of other objects. The movement of micro-
gels, microrobots, or their assemblies can be controlled. The func-
tion of a liquid interface in the lateral direction is to regulate
delicate mechanical manipulation.

6 | Life at Liquid Interface

The forces required for molecular manipulation at the air–water
interface are analogous to the delicate mechanical manipulation
of molecular deformation in biological systems. It is hypothesized
that this may also be useful for the control of more complex bio-
logical systems. Indeed, liquid interfaces, including those
between liquid and liquid or liquid and gas, have the potential
to contribute to a variety of biological control applications, such
as cell culture and the associated control of cell differentiation.
The interface between two immiscible liquids is well utilized as a
cell culture environment. In particular, perfluorocarbons,
defined as an organic solvent that does not adversely affect cells,
are utilized as an organic solvent phase [149]. Furthermore, it has
been determined that at such liquid–liquid interfaces, spontane-
ous nanoarchitectonics are formed, resulting in structures anal-
ogous to molecular membranes of proteins, which in turn
influence cell differentiation.

For instance, Jia et al. investigated the effects of two-dimensional
protein nanofibril networks spontaneously formed at the liquid–
liquid interface between aqueous culture medium and fluorocar-
bons on stem cells [150]. The researchers discovered that
the processes of lipid raft formation and focal adhesion
kinase (FAK) phosphorylation specifically impacted stem cell
differentiation at the liquid–liquid interface. The integration of
downstream FAK-mediated signaling within lipid rafts in mem-
brane microdomains results in the induction of stem cell neuro-
genesis. In the context of cell culture at the liquid–liquid
interface, the utilization of cell culture on small oil droplets
emerges as an environmentally sustainable alternative to the
employment of microplastics. Gautrot and coworkers fabricated
highly elastic protein nanosheets by coassembling supercharged
albumin with the surfactant pentafluorobenzoyl chloride [151]. It
was found that the protein nanosheets formed at this liquid inter-
face mediated the adsorption of extracellular matrix proteins and
cell adhesion. These proteins act as structural elements to define
the liquid–liquid interface and as a substrate to capture extracel-
lular matrix molecules. The methodology outlined in this study
has resulted in the development of a system that functions with-
out the use of plastics or microplastics.

The lung epithelium is exposed to various atmospheric pollutants
through the process of respiration. The utilization of a robust
in vitro lung epithelial model is imperative for the elucidation
of the mechanisms and treatments of respiratory diseases caused
by these pollutants. Tanabe and Ishikawa developed an in vitro
alveolar epithelial model using primary human pulmonary alve-
olar epithelial cells at the air–liquid interface (Figure 21) [152].

Primary human pulmonary alveolar epithelial cells were success-
fully cultured at the air–liquid interface for a period of 28 days in
a medium that had been supplemented with three small mole-
cules. A multitude of cells expressed alveolar type 2 cell markers,
including surfactant protein B and prosurfactant protein C. This
air–liquid interface culture model, incorporating differentiated
alveolar type 2 cells, serves as a valuable tool for elucidating
the mechanisms and treatments of respiratory diseases. It has
been established that alveolar type 2 cells are of significant
importance in the development of various respiratory diseases.
Therefore, this differentiated alveolar type 2 cell model has
the potential to serve as a valuable instrument in the study of
the mechanisms and treatments of respiratory diseases.

Interfaces between water-immiscible hydrophobic fluids, such as
perfluorocarbons and silicones, could be an alternative to con-
ventional plastic dishes for cell attachment and growth. In this
regard, it is imperative to deliberate the array of mechanical and
chemical stimulants to which cells are subjected. Nakanishi,
Sodeyama, and coworkers utilized a data-driven approach to
identify noncytotoxic ionic liquids as fluid culture platforms
(Figure 22) [153]. The objective is to guarantee repeated utiliza-
tion due to their elevated thermal stability prior to biological
applications. The employment of data-driven methodologies
has been demonstrated to expedite research processes by facili-
tating the identification of noncytotoxic ionic liquids through a
guided experimental design approach. This approach is charac-
terized by its ability to minimize the number of experiments
required, thereby reducing the time and resources necessary
for research and development. In particular, they successfully
cultured human mesenchymal stem cells at trihexylethylammo-
nium trifluoromethylsulfonylimide interfaces, allowing for
repeated use after solvent extraction and heat sterilization.
An exploration was conducted into the potential for new sustain-
able cell culture systems that fulfill the three Rs (Reduce, Recycle
and Replace). It is anticipated that such liquid interface-based
methodologies will supersede petroleum-derived products in
the context of a sustainable society.

Life activity controls at liquid interfaces are not limited to the
above-mentioned examples. Delicate nanoarchitectonics at liq-
uid interfaces enables delicate multicomponent interaction, cell
communications, and cell fate modulations. Many examples have
been reported in these years. These developments may contribute
well to biomedical applications and further understanding of bio-
processes. Liquid interfaces provide nice media for formation of
cell communities and organoid construction. Ma, Li, and cowork-
ers reported generation of human endometrial assembloids with
a luminal epithelium at the air–liquid interface [154]. The inves-
tigated system can create transcriptionally defined endometrial
cell subpopulations, which may be useful for further studies
on embryo implantation, and endometrial growth, differentia-
tion, and disease. Similarly, liquid interfacial systems are useful
for forming intestinal organoid structures, including the regula-
tion of organoid polarity and cell apoptosis. Kishikawa and
coworkers successfully fabricated model systems for intestinal
epithelial function and polarity using human induced pluripo-
tent stem cells (iPSCs) with air–liquid interface culture systems
[155]. They regenerated polarized monolayers of intestinal epi-
thelium with key features of the human intestine, including
absorptive and secretory cell types. The liquid interfacial system
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enables delicate control of cell treatment from both sides.
Indomethacin treatment from the basal side induced significant
mucosal injury and inflammatory gene expression, in contrast to
treatment from the apical side. Dunn and coworkers investigated
the effect of the air–liquid interface on cultured human intestinal
epithelial cells [156]. Compared with other systems, the human
intestinal monolayer at the air–water interface exhibited a mor-
phology more similar to normal intestinal epithelium. This is

probably due to the ability to control surface tension delicately;
fewer apoptotic cells were observed in air–liquid conditions. The
monolayer of cells expressed higher levels of secretory cell line-
age genes at the air–liquid interface. Nanoarchitectonics at liquid
interfaces can be advantageous for controlling interfacial topo-
logical structures and spatial regulations, which can then be used
to further modulate various cell activities and intercellular com-
munications. Singh and coworkers investigated the effects of

FIGURE 21 | An in vitro alveolar epithelial model using primary human pulmonary alveolar epithelial cells at the air–liquid interface in which

primary human pulmonary alveolar epithelial cells were successfully cultured at the air–liquid interface for a period of 28 days in a medium that had

been supplemented with three small molecules. Reproduced under the terms of the CC-BY license [152]. Copyright 2025, Springer-Nature.

18 of 25 ChemNanoMat, 2026

 2199692x, 2026, 1, D
ow

nloaded from
 https://aces.onlinelibrary.w

iley.com
/doi/10.1002/cnm

a.202500514 by N
ational Institute For, W

iley O
nline L

ibrary on [29/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



lipid-rich domains in human colonoid monolayers at the air–
liquid interface [157]. Exposure of normal human colonoid mono-
layers to the air–liquid interface increased acid sphingomyelinase
activity and enhanced colonoid differentiation, as well as basal and
forskolin-stimulated downregulation in adenoma activities. Wang,
Huang, and coworkers reported enhanced transmembrane deliv-
ery in interactive protocell communities through liquid–liquid
phase separation using liquid droplet systems [158]. Delicate con-
trol of protocell interfacial morphologies can regulate the pathway
for the transmembrane transport of biomacromolecules. This
could be a powerful technique for inducing higher-order behavior
in synthetic protocell communities.

The investigation encompasses cell culture at air–liquid and
liquid–liquid interfaces. Despite the fact that only a limited num-
ber of examples are displayed individually, a variety of complex
biocontrols, such as cell differentiation control, are being carried
out. It is hypothesized that delicate intermolecular interactions
are at work at the liquid interface. The utilization of liquid inter-
faces for the purpose of cell control is of both academic and
practical significance. This technology will also lead to the elimi-
nation of unnecessary plastic materials, which will contribute to
the solution of the microplastic material problem.

7 | Future Perspectives

This review paper examines a number of research examples and
consider the role of liquid interfaces. In summary, as demon-
strated in Figure 23, it is evident that liquid interfaces assume
varied functions, contingent upon their orientation relative to
the interface. Perpendicular to the interface, electronic properties
are delicately tuned in response to changes in the dielectric con-
stant. This enables control of intermolecular interactions. This
finding elucidates the basis for the occurrence of hydrogen-
bond-based functions within biological systems, which are, in
essence, aqueous solutions. Concurrently, delicate forces can
be applied in the direction within the liquid interface, thereby

enabling fine structural adjustment of molecular structures anal-
ogous to those found in living organisms. As was outlined in the
introduction, the ultimate functional material, which could be
considered a material of the future, will be one in which func-
tional elements similar to those found in biological systems
are rationally and softly assembled. While highly ordered mate-
rials or controlled structures, such as crystals, are often
considered to be high-performance materials, the ultimate high-
performance material may be one with low order and low sym-
metry, similar to those found in biological systems. This process
gives rise to asymmetric energy transfer and information trans-
mission. Liquid interfaces, which function through mechanisms
analogous to those observed in biological systems, may provide
optimal conditions for the creation of such future materials.

In addition to the examples presented here, a variety of nano-
architectonics can be conducted at liquid interfaces. For instance,
the synthesis of fullerene assemblies can be achieved by

FIGURE 22 | Data-driven approach to identify noncytotoxic ionic liquids as fluid culture platforms for liquid–liquid interfacial cell culture.

Reproduced under the terms of the CC-BY license [153]. Copyright 2024, Taylor & Francis.

FIGURE 23 | Roles of liquid interfaces for delicate nanoarchitecton-

ics: delicate control of electronic factor (vertical direction) and delicate

control of mechanical factor (lateral direction).
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employing an environment comprising immiscible liquids of
varying polarities. Furthermore, the morphology can be varied
by combining liquids. This phenomenon can be regarded as a
form of delicate structural control at liquid interfaces
[159, 160]. Moreover, the application of heat treatment to these
aggregates enables the control of the carbon frame structure. The
creation of carbon pentagon structures and control of spin behav-
ior can enhance the oxygen reduction reaction (ORR) [161, 162].
Furthermore, the coupling of chemical equilibrium at liquid
interfaces enables precise regulation of the doping of organic
semiconductors [163]. Liquid interfaces are places where delicate
nanoarchitectonics and functional expression can occur, not lim-
ited to the examples shown in this paper.

The paucity of material development in these directions is cur-
rently due to the inability to successfully incorporate multiple
components. Should a significant proportion of functional ele-
ments be capable of assembly in a rational and soft manner, it
may be feasible to create functional materials that exhibit com-
parable properties to those found in living organisms. The crea-
tion of multicomponent structures using limited theories and
experience constitutes a challenging endeavor. The potential
solution to this predicament may be found in the utilization
of AI [164–168]. The synthesis of extant experimental data
and the utilization of AI may facilitate the development of func-
tional systems with rational multicomponent structures at liquid
interfaces. Use of AI has various potentials to analyze and design
interfacial systems. AI can predict interface reaction products. AI
can optimize structural parameters of dynamic functional sys-
tems including molecular machine operations at the air–water
interface. AI can specify design of liquid interface for desirable
cell culture systems. However, several current technical bottle-
necks of AI applications such as insufficient data volume and
difficulties in modeling multicomponent systems have to be
eventually solved. Especially, the scarcity of interface interaction
data for multicomponent systems have to be fixed through the
establishment of cross-laboratory dataset standards for active
assembly of useful data. Using AI to predict the assembly mor-
phology of new molecules at the gas–liquid interface based on
existing interface reaction data, communication systems between
multiple functional components can be designed with rational
expectation. Such approaches can potentially create artificial sig-
nal transduction systems at liquid interfaces. More sophisticated
interfacial organization of multiple components would establish
interfacial assemblies with organized electron and energy trans-
fers, which may be used for artificial photosynthesis. Such sys-
tems could potentially result in the creation of future
materials with functions comparable to those of living organisms.
This initiative employs chemistry as its primary technological
framework to synthesize materials at the nanoscale. The subject
can be considered to represent a fusion of chemical (Chem) and
nanotechnological (Nano) into materials (Mat) creation. This
paper sets out the unexpectedly important roles that liquid inter-
faces can play in this context.
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