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Abstract
Nanotechnology was founded in the mid-twentieth century, contributing to the development of science and technology 
at the nano and micro levels. The next step can be achieved through nanoarchitectonics, a post-nanotechnology concept. 
The nanoarchitectonics approach emphasises the importance of science and technology in the nano world opened up by 
nanotechnology for synthesising functional materials that actually work. This methodology can also be applied to the 
development of sensors and related sensing systems. This review will consider the role of nanoarchitectonics in developing 
such materials by adopting the following methodology. First, several research papers related to sensor research that include 
‘nanoarchitectonics’ in the title will be selected. These examples will demonstrate how the concept of nanoarchitectonics 
is applied to sensor development. The next section will examine the possibility of constructing sensing structures from a 
materials perspective. This will be demonstrated by showing that diverse and hierarchical sensing structures can be created 
from fullerenes, which are single-element zero-dimensional materials. The third section will present examples of mate-
rial structures that can transmit signals and interface with devices. The final section will discuss the future directions and 
requirements of nanoarchitectonics research for sensor development, based on the information obtained.
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1  Introduction

We are developing a variety of functional materials and sys-
tems to address issues relating to energy [1–5], environment 
[6–10] and biomedical issues [11–15]. To develop more pre-
cise and efficient systems, we need to create more sophis-
ticated materials and structures. The characteristic of such 
structures expressing higher functions can actually be seen 
in many functional systems in living organisms. Therefore, 
these concepts could be extremely helpful in solving prob-
lems related to living organisms. However, this is not lim-
ited to the development of biomedicine-related functions. 
The excellent functional tissue structures involved in pro-
cesses such as efficient energy conversion — for example, 
photosynthesis in living systems [16–18] — should be con-
sidered a potential solution to the energy problem. Biologi-
cal functional systems should generally serve as models for 
the development of artificial functional materials.

There are two reasons why biological systems are capa-
ble of performing such advanced functions. Firstly, their 
structures are designed with great precision. The various 
functional components are organised in a highly rational 
manner, resulting in an extremely efficient functional relay, 
which characteristics can be seen in recent advanced mate-
rials [19–21]. Second, their functions are highly dynamic. 
They can freely perform their functions by dynamically 
outputting signals and stimuli input from outside the sys-
tem, as similarly seen in recent advanced systems [22–25]. 
In other words, biological functional systems are character-
ised by their ability to perceive external stimuli and func-
tion dynamically. One of the goals of modern science may 
be to develop material systems that mimic this behaviour. 
More specifically, a typical challenge is developing func-
tional systems, such as sensors, through precise structural 
control [26–30]. According to this background, the focus of 
this review will be on the progress of material development 
for sensing functions.

Considering the above, I would like to provide a brief 
historical overview of functional material development 
here. Originally, humans made tools that performed func-
tions by processing materials they obtained. As various 
chemical fields have developed, humans have become able 
to create materials not limited to existing ones. Functional 
development using organic chemistry [31–35], inorganic 
chemistry [36–39], polymer chemistry [40–44], coordina-
tion chemistry [45–49], supramolecular chemistry [50–54], 
biochemistry [55–59] and other types of material chemis-
try [60–64] has been actively pursued from the twentieth 
century to the present day. Throughout this development, 
a common understanding has emerged. The importance of 
very fine structures, such as nanostructures, in the expres-
sion of functions has been recognised. Even with the same 

material, new phenomena such as quantum effects [65–68] 
can be observed by controlling the size at the nanometre 
scale. Furthermore, when it comes to expressing efficient 
functions through ingenious molecular and nano-level 
arrangements [69–71], the contribution of the nanostructure 
is as important as the intrinsic properties of the material.

Accordingly, technologies for evaluating nanostructures 
and sciences for creating them are developing. The observa-
tion [72–75], manipulation [76–79] and evaluation [80–82] 
of atoms, molecules and similar microscopic structures and 
spaces are being actively researched. The synthesis of such 
nanostructures and materials containing nanostructures is 
also being widely researched. In addition to fabrication tech-
niques for fine structures using microfabrication and nano-
fabrication, various chemical processes are also employed. 
These include creating molecular assembly structures 
using supramolecular chemistry [83–87], creating metal–
organic frameworks (MOFs) [88–91] using coordination 
chemistry, creating covalent organic frameworks (COFs) 
[92–95] using polymer chemistry, synthesising mesoporous 
materials using template synthesis [96–99], and creating 
self-assembled monolayers (SAMs) [100–103], Langmuir–
Blodgett (LB) [104–108] method and layer-by-layer (LbL) 
assembly [109–112] using interface science.

While these individual developments are important, the 
concepts that integrate them are equally significant. Such 
concepts influence major research and development trends. 
Nanotechnology is a prime example of this. Richard Feyn-
man founded nanotechnology in the mid-twentieth century 
[113, 114]. Although nanotechnology is a very general con-
cept, it has contributed to the development of science and 
technology at nano and micro levels. The next step is to 
develop a concept that utilises the nano-level science and 
technology revealed by nanotechnology to create functional 
materials. This is achieved through nanoarchitectonics, a 
post-nanotechnology concept (Fig. 1) [115]. It was proposed 
by Masakazu Aono at the beginning of the twenty-first cen-
tury [116, 117]. It is a methodology that builds functional 
materials from nano units (atoms, molecules and nanomate-
rials). This characteristic can also be seen in the aforemen-
tioned supramolecular chemistry [118]. Nanoarchitectonics 
is a concept that integrates them. In other words, it is a broad 
concept that encompasses nanotechnology and other fields 
of materials science [119, 120]. The idea is to emphasise 
the importance of science and technology in the nano world 
opened up by nanotechnology for the synthesis of functional 
materials that actually work.

Nanoarchitectonics is an integrated concept. The meth-
odology therefore incorporates various methods, techniques 
and concepts developed thus far for the creation of functional 
materials. These materials are constructed by selecting and 
combining atomic and molecular manipulation, chemical 
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and physical material transformation, self-assembly and 
self-organisation, orientation by external forces and fields, 
nanofabrication and microfabrication, and biochemical pro-
cesses [121]. These methods are often used in combination, 
resulting in a greater likelihood of obtaining asymmetric 
and hierarchical structures in nanoarchitectonics [122] than 
in single self-assembly processes. Additionally, nanoarchi-
tectonics as a methodology is not limited to specific materi-
als or applications, making it applicable to a wide range of 
subjects. Papers with the title ‘nanoarchitectonics’ alone are 
widely used in many fields, ranging from basic research in 
physics [123–125], chemistry [126–128], and biochemistry 
[129–131]to applications in energy [132–135], the environ-
ment [136–138], and biomedical targets [139–141]. As all 
materials are originally made of atoms and molecules, the 
nanoarchitectonics methodology, which builds materials 

from these components, may be applicable to the creation 
of all materials. While super unification theory is the theory 
of everything in physics [142], nanoarchitectonics could be 
considered the method for everything in materials science 
[143–145]. Even if it is not explicitly referred to as nanoar-
chitectonics, there are numerous examples of research that 
can be considered to be based on this approach. Rather than 
being limited to specific research, nanoarchitectonics indi-
cates the overall flow of research, as does nanotechnology. 
Building on nanotechnology, nanoarchitectonics indicates 
the research trend of developing functional materials with 
nanoscale properties.

The nanoarchitectonics methodology for developing 
functional materials can also be applied to developing sen-
sors and related sensing systems [146–148]. These systems 
and their constituent functional materials can selectively 

Fig. 1  History and outline of the 
nanoarchitectonics concept that 
encompasses nanotechnology and 
other fields of materials science 
with subjects of this review article, 
nanoarchitectonics for sensors
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2  Nanoarchitectonics Research Examples, 
for Sensing, Detecting, and Monitoring

This section will examine how nanoarchitectonics has 
spread to the field of sensors. The applied methodology will 
select and briefly introduce several papers related to sens-
ing, detection and monitoring which include the term ‘nano-
architectonics’ in the title.

The concept of nanoarchitectonics involves arranging 
and organising molecules to improve sensing behaviour. For 
example, Fang and his colleagues published a paper titled 
‘Film Nanoarchitectonics of Pillar[5]arene for High-Per-
formance Fluorescent Sensing: A Proof-of-Concept Study’ 
(Fig. 2) [149]. In this study, they present a pillar[5]arene-
based nanofilm that is sensitive, fluorescent, free-standing 
and uniform with tunable thickness. This nanofilm is pre-
pared via dynamic condensation at the air/DMSO inter-
face using an acyl-hydrazine derivative of pillar[5]arene 
and triformyl-benzene. This nanofilm ensures the spatial 
and electronic separation of immobilised fluorophores and 
avoids aggregation-induced quenching in the film state. To 
demonstrate this concept, they developed a formic acid fluo-
rescent sensing film using a 4-azetidine-1,8-naphthalimide 
derivative of cholesterol as a fluorescent probe. This film 
was shown to respond sensitively, rapidly and selectively to 
formic acid in air. The nanoarchitectonics of the fluorescent 
probe in the film may be an efficient method for developing 
fluorescent sensing films.

The aggregation-induced emission enhancement of metal 
nanoclusters is an attractive mechanism for creating more 
sensitive sensing systems. However, this is not always 
straightforward, and nanoarchitectonics-based design is 
essential. In the paper, ‘Supraparticle Nanoarchitecton-
ics with Bright Gold Nanoclusters Induced by Host–Guest 
Recognition for Volatile Amine and Meat Freshness Detec-
tion’, Peng et al. employed a hybrid supraparticle approach 
involving the combination of 6-aza-2-thiothymine-capped 
gold nanoclusters and cucurbit[n]uril (CB[n], n = 7 and 8) 
(Fig. 3) [150]. Through host–guest recognition between the 

recognise external molecules or signals and output them as 
useful signals. It is therefore essential to design and syn-
thesise specific structures to identify molecules or signals 
and construct rational arrangements to transmit signals effi-
ciently. The construction of such structures with nano-level 
precision is the primary focus of nanoarchitectonics. There-
fore, the development of sensors and sensing systems is an 
ideal application of nanoarchitectonics. In this review, I will 
consider the role of nanoarchitectonics in developing sen-
sors and related functional materials.

Finally, I would like to introduce the methodology 
employed in this review. Examining the trend in the number 
of papers with the title ‘nanoarchitectonics’, it is clear that 
research in this field has grown dramatically in recent years. 
In other words, the application of the nanoarchitectonics 
concept is a recent development and far from complete. 
Therefore, this review will adopt the following methodol-
ogy. First, several research papers related to sensor research 
that include ‘nanoarchitectonics’ in the title will be selected 
in the section following this introduction. These examples 
will demonstrate how the concept of nanoarchitectonics is 
applied to sensor development. The next two sections will 
narrow the focus to explore the potential contribution of 
nanoarchitectonics to the development of sensor functional 
materials. First, the possibility of constructing sensing 
structures will be examined from a materials perspective. 
To demonstrate this, it will be shown that diverse and hierar-
chical sensing structures created from fullerenes (C60, C70), 
which are single-element zero-dimensional materials, is 
examined. The next section will present examples of mate-
rials structures that can transmit signals and interface with 
devices. This review summarises the following discussions: 
i) nanoarchitectonics research examples, for sensing, detect-
ing, and monitoring, ii) materials nanoarchitectonics for 
sensors from zero-dimensional single-element unit, fuller-
ene, iii) materials nanoarchitectonics on sensor device struc-
tures. Based on this information, the final section discusses 
the future directions and requirements of nanoarchitectonics 
research for sensor development.

Fig. 2  A pillar[5]arene-based nanofilm with spatial and electronic sepa-
ration of immobilised fluorophores resulting in sensitively, rapidly and 
selectively to formic acid in air. Responses to prove selective detection 

of formic acid are shown in right side. Reprinted with permission from 
Ref. 149 Copyright 2021 American Chemical Society
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microbatteries in portable biomonitoring devices. Attempts 
to fabricate these using nanoarchitectonics have been 
reported. In a paper titled ‘Laser-Induced MXene-Function-
alized Graphene Nanoarchitectonics-Based Microsuper-
capacitor for Health Monitoring Application’, Pumera and 
colleagues developed a high-energy–density micro-super-
capacitor integrated with a force sensor using a picosecond 
pulsed laser (Fig.  4) [151]. This can be used to monitor 
the radial artery pulse in the human body. In the material 
created by this method, oxide nanoparticles derived from 
laser-induced MXene (Ti3C2Tx) are uniformly attached to 
laser-induced graphene, which serves as the active electrode 
material of the micro-supercapacitor. This hybrid micro-
supercapacitor exhibits excellent properties, including high 
mechanical flexibility, durability, ultra-high energy den-
sity, superior capacitance and a long cycle life. As proof of 
concept, force-sensitive detectors driven by flexibly linked 
micro-supercapacitors in series were attached to a human 
wrist to monitor the pulse. Micro-supercapacitors can be 
connected in series or in parallel to power various LEDs and 
digital watches, meeting the energy and power requirements 
of portable electronic devices. They will also be useful for 
extracting energy more efficiently from solar, thermal and 
mechanical sources.

Designing material structures using nanoarchitectonics 
is useful for developing sensing systems for a variety of 
applications. For example, there is a high demand for the 
detection of hazardous gases. Real-time gas sensors that can 
simultaneously detect multiple gases with high sensitivity 
and selectivity are particularly essential. In the paper, ‘Inter-
facial Engineering Facilitates Real-Time Detection of Dual 
Hazardous Gases at ppb Levels via Single-Step Hydrother-
mal Nanoarchitectonics of Self-Assembled PbSnS/SnO2 
Heterostructures’, Huang, Wu and their colleagues success-
fully fabricated a thin-film sensor based on PbSnS/SnO2 
heterostructures. They used this sensor to detect two hazard-
ous oxidising gases at room temperature in real time (Fig. 5) 

CB[n] and 6-aza-2-thiothymine ligands, the weakly fluo-
rescent, unmodified gold nanoclusters assembled into large 
supraparticles that exhibited a 15-fold increase in fluores-
cence with a quantum yield of 52%. Due to the protonation 
reaction of the 6-aza-2-thiothymine ligand, the system can 
respond sensitively and reversibly to changes in environ-
mental pH. The researchers also developed a fluorescent 
turn-on sensor and successfully applied it to monitoring 
meat freshness. Furthermore, due to its customisable sur-
face functional groups, it has the potential to be used in 
fluorescent imaging, immunoassay labelling and fluorescent 
hazard sensing.

Nanoarchitectonics, which uses various nanomaterials as 
components, can be employed to develop sensing systems 
and the supporting systems. For instance, mechanically 
flexible micro-supercapacitors could complement or replace 

Fig.  4  A high-energy–density micro-supercapacitor integrated with 
a force sensor using oxide nanoparticles derived from laser-induced 
MXene (Ti3C2Tx) used on a human wrist to monitor the pulse. Actual 

response is show in right-hand side. Reproduced under terms of the 
CC-BY license from Ref. 151, 2023 American Chemical Society

 

Fig. 3  A hybrid supraparticle approach involving the combination of 
6-aza-2-thiothymine-capped gold nanoclusters and cucurbit[n]uril 
responding sensitively and reversibly to changes in environmental pH 
as a fluorescent turn-on sensor applicable for monitoring meat fresh-
ness. Reprinted with permission from Ref. 150 Copyright 2025 Ameri-
can Chemical Society
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detected simultaneously with excellent sensitivity and a low 
detection limit, respectively. The ability of the composite 
electrode to detect both substances simultaneously is prom-
ising for practical applications.

The development of a portable, light-assisted, self-pow-
ered sensing platform with high sensitivity and selectivity 
is attractive. In their paper, ‘Photo-Assisted Zn-Air Battery 
Promoted Self-Powered Sensor for Selective and Sensitive 
Detection of Antioxidant Gallic acid Based on Z-Scheme 
Nanoarchitectonics with Heterojunction AgBr/CuBi2O4’, 
Du, Chen and their colleagues developed a self-powered 
electrochemical sensor. They used a light-assisted Zn-air 
battery as an energy conversion device to detect gallic acid 
with high sensitivity (Fig. 7) [154]. Introducing visible light 
into the Zn-air battery system improved the output signal 
of the novel self-powered sensor. Photoelectric conversion 
efficiency improved due to the separation of electron–hole 
pairs promoted by the Z-type heterojunction. The light-
assisted oxygen reduction reaction (ORR) process was pro-
moted, thereby improving the output signal of the sensor. 
The selectivity of the fabricated sensor was realised due to 
the chelating effect between AgBr/CuBi2O4 and gallic acid.

[152]. In this study, the PbSnS/SnO2 heterostructures were 
fabricated using a one-step hydrothermal synthesis method. 
The heterostructures were drop-cast onto a fork-shaped 
electrode and dried on a heating plate at 80 °C to fabricate a 
sensor device. The sensor showed ppb-level limits of detec-
tion for NO2 and O3 gases. This can be adequately explained 
by the band diagram. Accumulation regions appear along 
the grain boundaries of the heterojunction. The potential 
variations across the junction play an important role in 
modulating the material’s conductive properties. NO2 mol-
ecules absorb electrons from the surrounding atmosphere 
and transfer them to the PbSnS/SnO2 after interacting with 
oxygen species. Conversely, the highly oxidizing O3 gas 
acquires electrons from the surrounding atmosphere, ion-
ises them and adsorbs onto the oxygen species present on 
the PbSnS/SnO2 surface. O2 donates electrons to the PbSnS/
SnO2 material. These findings demonstrate the effectiveness 
of PbSnS/SnO2 heterostructures fabricated using nanoar-
chitectonics for gas sensing applications. Furthermore, they 
may contribute to a better understanding of the fundamental 
principles that govern the gas adsorption process.

Medical sensing is an essential application. Ciprofloxa-
cin, for example, is a fluoroquinolone antibiotic prescribed 
to patients infected with Gram-positive and Gram-negative 
aerobic pathogens. However, measuring the concentration 
of ciprofloxacin in urine samples specifically is challenging 
due to interference from uric acid. In the report, ‘Nanoarchi-
tectonics of Polyaniline-Poly(Vinyl Pyrrolidone)-Graphene 
Composite for the Electrochemical Sensing of Ciprofloxacin 
and Uric Acid’, Perumal, Kumar, Lee and their colleagues 
fabricated a polyaniline-poly(vinyl pyrrolidone)-graphene 
composite electrode using nanoarchitectonics to measure 
ciprofloxacin and uric acid simultaneously in human urine 
samples (Fig. 6) [153]. Graphite-polyaniline was prepared 
by the oxidative polymerisation of aniline in the presence 
of graphene. Vinyl pyrrolidone was then polymerised on the 
surface via free radical polymerisation. Using this compos-
ite electrode confirmed that similar concentrations of cip-
rofloxacin and uric acid in human urine samples could be 

Fig.  6  A polyaniline-poly(vinyl pyrrolidone)-graphene composite 
electrode using nanoarchitectonics to measure ciprofloxacin and uric 
acid simultaneously in human urine samples. Reprinted with permis-
sion from Ref. 153 Copyright 2025 Elsevier

 

Fig. 5  A thin-film sensor based on PbSnS/SnO2 heterostructures showing ppb-level limits of detection for NO2 and O3 gases. Possible mechanisms 
for detection are depicted in right part. Reproduced under terms of the CC-BY license from Ref. 152, 2025 American Chemical Society
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selective electrochemical integration on pre-patterned 
microstructures. The detection of compound nerve action 
potentials in rat peripheral nerves was demonstrated. The 
flexible mesoporous electrodes were connected to the sci-
atic nerve stimulation site to monitor electrophysiological 
recording performance. These types of material and sensor 
design can also serve as innovative platforms for implant-
able electronics and biological sensing applications.

In the study, ‘Organic–Inorganic Cascade-Sensitized 
Nanoarchitectonics for Photoelectrochemical Detection of 
β2-MG Protein’, Yuan, Chai and their colleagues fabricated 
a novel photoelectrochemical immunoassay. This is based 
on organic–inorganic BiVO4/rGO/FeOOH/C dots, which 

Sensing systems can also be constructed to monitor 
physiological activities. In the paper, ‘Flexible Nanoar-
chitectonics for Biosensing and Physiological Monitoring 
Applications’, Ashok et al. combined bottom-up mesopo-
rous fabrication techniques with top-down microlithography 
processes to create flexible, low-impedance mesoporous 
gold electrodes for use in biosensing and bioimplant appli-
cations (Fig. 8) [155]. The large surface area of the meso-
porous network enables high current density transmission 
in standard electrolytes. Connecting all active electrodes to 
a common working electrode terminal enables the selective 
and simultaneous deposition of mesoporous structures onto 
a seed layer. This results in a monitoring system that utilises 

Fig. 8  Combination of bottom-up mesoporous fabrication techniques 
with top-down microlithography processes to create flexible, low-
impedance mesoporous gold electrodes for use in biosensing and bio-

implant applications as connected to the sciatic nerve stimulation site 
to monitor electrophysiological recording performance. Reproduced 
under terms of the CC-BY license from Ref. 155, 2023 Wiley–VCH

 

Fig. 7  An energy conversion device to detect gallic acid with high sen-
sitivity in which photoelectric conversion efficiency can be improved 
due to the separation of electron–hole pairs promoted by the Z-type 
heterojunction. The light-assisted oxygen reduction reaction (ORR) 

process was promoted, thereby improving the output signal of the sen-
sor. The selectivity of the fabricated sensor was realised due to the che-
lating effect between AgBr/CuBi2O4 and gallic acid. Reprinted with 
permission from Ref. 154 Copyright 2023 Elsevier
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and Coassembly’, He and his colleagues investigated the 
morphological transformation of microspheres into helical 
supramolecular nanofibres with controllable handedness 
(Fig.  10) [157]. Molecular detection of the achiral com-
pound melamine was achieved through the emergence of 
helicity and inversion in a supramolecular system contain-
ing COOH groups. First, uniform microspheres undergo 
self-assembly. When chiral enantiomers are introduced into 
the supramolecular system, nanofibres with P- and M-helic-
ity are formed. Furthermore, the coexistence of R- and 
S-isomers results in the formation of racemic microsheets 
that lack chiral properties. In the case of enantiomers, these 
molecules arrange themselves into molecular chains and 
assemble via hydrogen bond interactions formed between 
the carbonyl (C = O) and secondary amine groups, with 
moderate interaction distances. The different migration 
directions of the hydrogen bonds induce different molecular 
arrangements and packing of the molecular chains in differ-
ent conformations. After the introduction of COOH groups, 
Interaction with melamine induces a morphological trans-
formation involving the appearance and inversion of helic-
ity. This allowed the detection of melamine.

Biomolecular nanoarchitectonics is also being used to 
develop sensing materials. In a paper titled ‘Nanoarchi-
tectonics of Small Molecule and DNA for Ultrasensitive 
Detection of Mercury’, Govindaraju et al. demonstrated the 

act as a cascade-sensitised photoactive material. This allows 
for the ultrasensitive detection of β2-MG protein (Fig.  9) 
[156]. This composite material combines the advantages 
of the high light absorption efficiency of organic materials 
with the fast electric carrier mobility of inorganic materials. 
This composite material with well-matched energy levels 
can mediate multi-electron transport, thereby effectively 
promoting electron transfer and improving charge separa-
tion to achieve excellent photocurrent. In other words, this 
photoelectrochemical biosensor perfectly exemplifies the 
organic–inorganic cascade sensitisation strategy. When 
the target analyte β2-MG protein, with gold nanoparticles 
and antibody 1 (Ab1) attached, comes into contact with the 
surface, a sandwich immunoreaction is triggered to capture 
SiO2-labelled antibody 2. Due to the electrical inertness 
and optical coverage effect of SiO2, the signal of the highly 
sensitive detection target is significantly reduced. Conse-
quently, the β2-MG protein can be detected with high sensi-
tivity at a low limit of detection. This cascade sensitisation 
strategy for highly sensitive detection is expected to have a 
wide range of applications in disease monitoring.

Nanoarchitectonics sensing methods include molecu-
lar sensing through the formation of structures, such as 
molecular assemblies. In a study titled ‘Hierarchical Chi-
ral Supramolecular Nanoarchitectonics with Molecular 
Detection: Helical Structure Controls upon Self-Assembly 

Fig.  10  Molecular detection of the achiral compound melamine as 
achieved through the emergence of helicity and inversion in a supra-
molecular system containing COOH groups. Plausible structural 

motifs are shown in right. Reprinted with permission from Ref. 157 
Copyright 2022 Wiley–VCH

 

Fig. 9  An organic–inorganic BiVO4/rGO/FeOOH/C dot hybrid, which 
act as a cascade-sensitised photoactive material for the ultrasensitive 
detection of β2-MG protein. Mechanisms of electron transfer processes 

for detection are represented in right0hand side figure. Reprinted with 
permission from Ref. 156 Copyright 2024 Elsevier
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The local shape contained within this structure enables the 
specific recognition of chiral guests. The result is a bioin-
spired chiral MOF with periodic minor and major grooves 
that resemble the double helix structure of DNA. The major 
groove of ZnBTCHx’s local shape can undergo strong π-π 
interactions with chiral guests and generate hydrogen bonds 
with the minor groove. For instance, L- and D-tryptophan 
(L-/D-Trp) enter the major groove of ZnBTCHx as chiral 
guests and bind to the chiral host BTC via hydrogen bonds. 
This study may provide a new structural design guide for 
electrochemical chiral recognition in cutting-edge biomedi-
cal applications.

Nanoarchitectonics-based material design can also be 
employed in more practical medical applications. In their 
paper, ‘Nanoarchitectonics-Assisted Simultaneous Fluores-
cence Detection of Urinary Dual miRNAs for Noninvasive 
Diagnosis of Prostate Cancer’, Chen et al. reported a fluores-
cent strategy for the homogeneous and simultaneous analy-
sis of miR-375 and miR-148a in urine (Fig. 13) [160]. With 
the aim of achieving an early diagnosis of prostate cancer, 
the researchers used a dumbbell-shaped DNA containing C–
Ag+-C and T-Hg2+-T structures, as well as four hairpin DNA 
strands, to configure a cascade-type response amplification. 
When combined with fluorescent CdTe quantum dots and 
carbon dots that are selectively quenched by Ag⁺ and Hg2⁺, 
highly sensitive detection is achieved simultaneously. Fur-
ther evaluation was performed on 45 clinical urine samples, 
including those from patients with prostate cancer and other 
conditions. The results were consistent with those of clinical 
polymerase chain reaction (PCR) kits, ultrasound scans and 
pathological findings. This approach establishes a simple, 
sensitive nanoarchitectonics strategy for simultaneously 
analysing miRNAs 375 and 148a in urine.

This section focuses on examples of sensors and sensing 
functions from recent papers that include the term ‘nanoar-
chitectonics’ in the title. The examples shown here are not 
exhaustive, but demonstrate the wide variety of applica-
tions. For instance, pillar[5]arene-based nanofilms intended 
for the production of highly sensitive fluorescent sensing 
films, and the aggregation-induced emission enhancement 

ultrasensitive detection of mercury by utilising the intrinsic 
property of dTn for complementary base pairing with ade-
nine (A)-linked stacks of small-molecule organic semicon-
ductors (BNA) (Fig. 11) [158]. The DNA system forms a 
two-dimensional sheet whose size depends on the length of 
the dTn sequence. This nanoarchitecture rapidly converts the 
BNA-dTn co-assembly into a metallic DNA duplex [dT-Hg-
dT]_(n)through mercury-thymine interactions. Subnano-
molar mercury detection sensitivity was achieved through 
chiroptical signal changes and conductivity in response to 
mercury ions (inorganic and organometallic forms) in water.

Nanoarchitectonics that mimic biomolecules can also be 
used for sensing purposes. Biomimetic chiral metal–organic 
frameworks (BioMOFs) can recognise chiral molecules 
that mimic biological functional systems. In a paper titled 
‘Adaptive Host–Guest Chiral Recognition in Nanoarchi-
tectonics with Biomimetic MOF Mimicking DNA’, Niu, 
Wang and their colleagues successfully synthesised a bio-
mimetic metal–organic framework (MOF) called ZnBTCHx 
(BTC = 1,3,5-benzenetricarboxylic acid, Hx = hypoxan-
thine) that has periodic minor and major grooves resem-
bling the double helix structure of DNA (Fig.  12) [159]. 

Fig. 12  A biomimetic metal–
organic framework (MOF) called 
ZnBTCHx (BTC = 1,3,5-benzenetri-
carboxylic acid, Hx = hypoxanthine) 
that has periodic minor and major 
grooves resembling the double 
helix structure of DNA, enabling 
the specific recognition of chiral 
guests. Reprinted with permission 
from Ref. 159 Copyright 2023 
Royal Society of Chemistry

 

Fig.  11  Ultrasensitive detection of mercury by utilising the intrinsic 
property of dTn for complementary base pairing with adenine (A)-
linked stacks of small-molecule organic semiconductors (BNA) as 
achieved through chiroptical signal changes and conductivity in 
response to mercury ions in water. Reprinted with permission from 
Ref. 158 Copyright 2016 American Chemical Society
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always easy. A precisely constructed recognition site is nec-
essary. Creating such a recognition structure requires vari-
ous techniques. Integrating technologies to build functional 
structures is an area in which nanoarchitectonics excels. 
Nanoarchitectonics will play an increasingly important role 
in biosensor development.

3  Materials Nanoarchitectonics for Sensors 
from Zero-Dimensional Single-Element Unit, 
Fullerene

The above section examined examples of nanoarchitecton-
ics sensor applications and discussed their breadth and future 
potential. The next two sections will explore the profound 
capabilities of sensing structure construction from a material 
chemistry perspective, as well as new approaches to deriv-
ing sensing signals from nanoarchitectonics materials. The 
first of these will discuss structures constructed by fullerene 
nanoarchitectonics, demonstrating how diverse recognition 
structures can be formed from basic building blocks. Fuller-
enes (mainly C60 and C70) consist of a single element and, 
from a material perspective, are zero-dimensional objects. 
Considering the diverse recognition structures constructed 
from such simple units is crucial to understanding the utility 
of nanoarchitectonics.

The liquid–liquid interfacial precipitation (LLIP) method 
is a useful technique for the nanoarchitectonics of various 
fullerene structures. In this method, fullerene is dissolved 
in a solvent in which it is soluble. Then, a solvent with low 
solubility for fullerene is added to cause precipitation at the 
interface. This method can produce a variety of structures, 
including rods/tubes [161, 162], planar polygons [163, 164] 

of metal nanoclusters, are presented as instances of sen-
sors that utilise material structure. Other examples include 
a real-time thin-film sensor for harmful oxidising gases 
based on a PbSnS/SnO2 heterostructure; simultaneous mea-
surement of biomolecules using composite electrodes; and 
photoelectrochemical immunoassays based on cascade-
sensitised photoactive materials. Supramolecular structures 
and the unique structures of biomolecules are particularly 
prevalent in sensing applications. These include the molecu-
lar detection of achiral melamine through the emergence of 
helicity and inversion in supramolecular systems; the ultra-
sensitive detection of mercury using the properties of stacks 
of adenine-bound small-molecule organic semiconductors; 
the specific recognition of chiral guests by biological chiral 
metal–organic frameworks with a structure similar to that of 
DNA; and the homogeneous and simultaneous analysis of 
microRNA-375 and microRNA-148a in urine through cas-
cade-type response amplification. In addition, examples of 
peripheral devices that support sensor functions have been 
developed. These include a self-powered electrochemical 
sensor that uses a light-assisted zinc-air battery for energy 
conversion, a micro-supercapacitor with a high energy 
density that is integrated with a force sensor, and a flex-
ible, low-impedance mesoporous gold electrode that is used 
for biosensing applications. The materials used and their 
applications are generally very diverse. A variety of fabrica-
tion methods and material chemistries are employed. This 
reflects the fact that nanoarchitectonics is a fusion of nano-
technology and materials science. A distinctive feature is the 
strong trend towards developing sensors for more complex 
targets, such as biomaterials and biological phenomena. 
Distinguishing a specific molecule from similar molecules, 
including chiral molecules, in biological systems is not 

Fig. 13  A fluorescent strategy for 
the homogeneous and simultaneous 
analysis of miR-375 and miR-148a 
in urine, using a dumbbell-shaped 
DNA containing C–Ag+-C and 
T-Hg2+-T structures, as well as four 
hairpin DNA strands, to configure 
a cascade-type response amplifica-
tion. This approach establishes a 
simple, sensitive nanoarchitectonics 
strategy for simultaneously analys-
ing miRNAs in urine. Reprinted 
with permission from Ref. 160 
Copyright 2023 American Chemi-
cal Society
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host and guest. It could therefore serve as a highly selective 
sensing antenna system for toxic aromatic solvent vapours. 
However, the specific energetic analysis of π-π interactions 
and structure-performance correlation laws are not fully 
developed yet. This further exploration will be done with 
controlled formation of hierarchical fullerene assemblies.

As shown above, hierarchical structures can be formed 
by extending one shape from another. Conversely, they can 
be obtained by drilling holes into a structure of a particular 
shape. Hsieh et al. reported a new method called ‘beaker 
nanolithography’ for constructing hollow fullerene nano-
structures (Fig.  15) [170]. This solution-based method 
involves face-selective chemical etching of fullerene crys-
tals under normal conditions of room temperature and pres-
sure. First, C60 fullerene nanorods, C60 fullerene nanosheets 
and C70 fullerene cubes were prepared as etching targets 
using LLIP and related methods. These crystals were then 
chemically etched by utilising the property of fullerene mol-
ecules reacting with ethylenediamine. The etching behav-
iour exhibited face selectivity according to the shape of the 
object. For example, in the case of one-dimensional fullerene 
C60 nanorods, selective etching occurred at the ends, result-
ing in hollow fullerene nanotubes. For two-dimensional C60 
fullerene nanosheets, etching mainly occurred on the top 
and bottom surfaces of the sheets, with partial etching at the 
edges. For the three-dimensional C70 fullerene cubes, etch-
ing occurred on all faces of the cube to form objects with 
a gyroid-like morphology. The chemically etched fullerene 
nanostructures exhibited excellent vapour sensing perfor-
mance, being selective for acidic guest molecules over aro-
matic molecules due to the attachment and functionalisation 
of ethylenediamine. For example, the response of the QCM 
sensor immobilised with etched hollow fullerene nanotubes 
to acidic vapours, such as formic acid and acetic acid, was 
greater than the response to aromatic solvent vapours, such 
as benzene and toluene. In other words, despite the higher 

and cubic structures [165, 166]. Changing the combination 
of solvents, the way the solvent is added, or post-process-
ing can also produce hierarchical structures [167, 168]. 
Such structures are often advantageous for sensing various 
substances. This section will show some typical examples 
below.

Bairi et al. fabricated a hierarchical structure consisting 
of mesoporous C70 nanorods with crystalline pore walls 
that extend from the surface of a C70 cube (Fig. 14) [169]. 
The C70 cubes were first formed as highly crystalline, cubic 
objects using LLIP with a liquid–liquid interface between a 
C70 mesitylene solution and tert-butyl alcohol. After wash-
ing the C70 cubes with isopropanol, C70 nanorods grow from 
their surfaces. Each nanorod also develops mesoporosity on 
its surface. This hierarchical structure is highly effective as 
a sensing material in the gas phase due to its large sens-
ing surface area and the ease with which guest molecules 
can diffuse through the mesoporous structure. These guest 
molecules can then undergo strong π-π interactions with the 
sp2 carbon-rich pore walls of the fullerene. In particular, the 
nanorod structure acts as π-π sensing antenna, similar to an 
insect’s antennae. This hierarchical structure is an excellent 
sensing material for gas-phase aromatic solvents. It was 
immobilised on a quartz crystal microbalance (QCM) sub-
strate to construct a sensing system. When the QCM sensor 
was exposed to solvent vapour, a very fast and sensitive fre-
quency shift was observed. The magnitude of this frequency 
shift varied significantly depending on the gas-phase guest 
molecule present. Notably, the response to aromatic solvent 
vapours, such as toluene and pyridine, was greater than to 
aliphatic hydrocarbon vapours, such as cyclohexane and 
hexane. Despite their similar hydrophobicity and molecular 
dimensions, a significant difference in frequency shift was 
observed. This suggests that the structure functions as an 
excellent sensing antenna that is selective for aromatic guest 
molecules, favouring strong π-π interactions between the 

Fig. 14  A hierarchical structure con-
sisting of mesoporous C70 nanorods 
with crystalline pore walls that 
extend from the surface of a C70 
cube. These guest molecules can 
then undergo strong π-π interactions 
with the sp2 carbon-rich pore walls 
of the fullerene. In particular, the 
nanorod structure acts as π-π sens-
ing antenna. Reprinted with permis-
sion from Ref. 169 Copyright 2016 
American Chemical Society
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shape: a fullerene rosette (Fig.  16) [171]. Composed of a 
six-petal structure, the fullerene rosette is a two-dimensional 
material with an extremely smooth surface and a thickness 
ranging from 120 to 165 nm. Analysis results suggested that 
the melamine/ethylenediamine components strongly inter-
acted with, or were covalently bonded to, the fullerenes in 
the fullerene rosette. XRD analysis also revealed that the 
fullerene rosette was amorphous and non-crystalline. A sen-
sor system was prototyped by immobilising the fullerene 
rosette on the surface of a QCM. As a preliminary result of 
the hazardous substance sensing requested by society, selec-
tive sensing of formic acid was demonstrated. A rapid fre-
quency shift was observed upon exposure to volatile organic 
compounds, and the frequency returned to nearly the initial 
state when the solvent vapour was removed from the cham-
ber. This suggests reversible vapour adsorption/desorption. 
Alternating exposure to and removal of formic acid vapour 
demonstrated the excellent sensing performance and good 

saturated vapour pressure of aromatic vapours, the selectiv-
ity for acidic vapours was high. The order of selectivity for 
all other etched objects was formic acid > acetic acid > pro-
pionic acid > phenol > formaldehyde. The large surface area 
created by etching also improved the sensitivity of the sen-
sor. This ‘beaker nanolithography’ process is simple and 
scalable, in contrast to the expensive lithography techniques 
that are usually employed. In addition to developing sensing 
materials, this technology is expected to be useful for bio-
logical and ion sensing, separation processes, energy stor-
age and drug carrier applications.

Carrying out the assembly and reaction processes of 
fullerenes in parallel enables the creation of objects with 
specific shapes. Chen et al. used the in situ reaction method 
during the self-organisation process of C60 molecules in 
solution, adding melamine and ethylenediamine compo-
nents to create a new type of fullerene aggregate. This regu-
lar object has a micron-sized, two-dimensional, amorphous 

Fig. 16  In situ Reaction method 
during the self-organisation process 
of C60 molecules in solution, adding 
melamine and ethylenediamine 
components to create a new type 
of fullerene aggregate, a fullerene 
rosette. The fullerene rosette is 
a two-dimensional material with 
an extremely smooth surface and 
a thickness ranging from 120 to 
165 nm. Reproduced under terms of 
the CC-BY license from Ref. 171, 
2022 MDPI

 

Fig. 15  A ‘beaker nanolithography’ 
for constructing hollow fullerene 
nanostructures through face-selec-
tive chemical etching of fullerene 
crystals under normal conditions 
of room temperature and pressure 
utilising the property of fullerene 
molecules reacting with ethylenedi-
amine. Reprinted with permission 
from Ref. 170 Copyright 2020 
Royal Society of Chemistry
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adsorption sensing processes based on both acidity and the 
molecular dimensions of analytes.

Hybrid structures combining fullerene aggregates with 
other structures can also be created. In a further develop-
ment in the field of hierarchical composites, which com-
bines coordination and supramolecular chemistry, Bhadra et 
al. developed a new material: a metal–organic framework 
(MOF) on a fullerene aggregate (MOFOF) (Fig. 18) [173]. 
The MOFOF synthesis procedure involves the initial con-
trolled fabrication of the fullerene as a tubular nanostructure 
(fullerene nanotube), followed by surface functionalisa-
tion and surface growth of the MOF (ZIF-67 in this case). 
MOFOFs can be highly hierarchical composites with prop-
erties such as micro- and mesopore channels, interfacial 
facets and defect sites. These properties lead to potential 
applications in areas such as gas storage and separation, 
catalysis, sensing, energy storage and environmental reme-
diation. A QCM sensor modified with MOFOF was tested 
for its ability to detect vapours. The sensor’s detection 
properties for a wide range of VOCs were observed, with 
the sensitivity/selectivity order being formic acid > ace-
tic acid > toluene > benzene > cyclohexane > hexane > pyri-
dine > acetone > aniline. Furthermore, integrating other 
types of MOFs with different fullerene-based nanostruc-
tures could result in composite materials with customised 
functions for various applications, such as catalysis, gas 
storage, and environmental remediation.

Some research has been conducted into creating mate-
rial void structures for the selective sensing of particles 
rather than molecules. A solution-based self-assembly strat-
egy was used to fabricate highly crystalline fullerene C70 
cubes with open-hole structures in the centre of each face 
as reported by Bairi et al. (Fig. 19) [174]. These open-hole 
structures can be intentionally closed by introducing addi-
tional C70 molecules, and reopened by irradiating them with 

reproducibility of the fullerene rosette-modified QCM sen-
sor. Sensors for formic acid and related compounds are 
required for air quality monitoring and health diagnos-
tics. The relative simplicity of this methodology could be 
applicable to more practical sensing systems for a variety 
of chemical targets, including important volatile organic 
compounds.

Fabrication is possible not only for individual 2D mate-
rials, but also for widely spread 2D sheet-like structures. 
Ultrathin 2D nanoporous materials, in particular, are impor-
tant structures for the selective recognition of guest mol-
ecules, as they provide enhanced sensitivity and high spatial 
resolution in sensing applications. Song et al. reported the 
bottom-up fabrication of a novel, molecularly thin, nitrogen-
doped 2D material called fullerphene (Fig. 17) [172]. First, a 
large-area, molecularly thin, 2D fullerene-ethylenediamine 
(EDA) film was fabricated by the self-assembly and cross-
linking of fullerene and ethylenediamine molecules at the 
liquid–liquid interface. The formed film could be transferred 
onto different substrates by a simple scooping procedure. 
Then, a carbon nanomembrane of fullerphene was produced 
by carbonisation at 700 °C. This ultrathin, heat-treated 2D 
carbon film retained its nanofilm morphology following car-
bonisation. Fullerphene has an ultrafine porous nanostruc-
ture that is mainly composed of sp2-bonded carbon atoms. 
The N-doping of fullerphene is dominated by pyrrolic and 
quaternary nitrogen atoms. These structural features enable 
the selective and repeatable adsorption and desorption of 
low-molecular-weight carboxylic acid vapours through 
non-covalent interactions. In particular, it exhibited high 
selectivity between acetic acid and formic acid, demonstrat-
ing molecular discrimination at the level of a single carbon 
atom. The large surface area and well-defined, ultrafine 
pores of fullerphene films are highly beneficial for vapour 

Fig. 17  Bottom-up fabrication of a novel, molecularly thin, nitrogen-
doped 2D material called fullerphene: preparation (left); high selec-
tivity between acetic acid and formic acid (right). The large surface 

area and well-defined, ultrafine pores of fullerphene films are highly 
beneficial for vapour adsorption sensing processes Reprinted with per-
mission from Ref. 172 Copyright 2022 Wiley–VCH
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core of the microtube contains a high concentration of C70, 
whereas the tubular part mainly comprises small amounts 
of C60 and C70. Consequently, when a mesitylene/tert-butyl 
alcohol solvent mixture is added to the microtube to induce a 
secondary transformation of its structure, the C70-rich solid 
core dissolves in the solvent due to C70’s higher solubility in 
mesitylene than C60’s. This results in the microtube separat-
ing into two microhorns. The cone-shaped microhorn is hol-
low inside. The strong electrostatic interaction between the 
negatively charged microhorn and positively charged silica 
particles allows preferential recognition of silica particles 
over fullerene C70, polystyrene latex, polystyrene hydrox-
ylate or polystyrene carboxylate particles of a similar size. 
SEM observations revealed a greater number of silica par-
ticles on the surface and inside the fullerene microhorn than 
C70 particles at all concentrations. The hollow morphology 
of the microhorn may have greater application potential in 
various fields, such as sensing and microencapsulation of 
target particles.

This section has demonstrated the creation of a variety 
of structures using simple, elemental and structural fuller-
enes. Examples include: hierarchical structures with mes-
oporous nanorods extending from the surface of a cube; 

an electron beam. Due to the sp2-rich carbon material nature 
of the cubes, the open-hole cubes can preferentially recog-
nise graphitic carbon particles over polymeric resin parti-
cles of similar dimensions. Specifically, the incorporation 
of resorcinol–formaldehyde polymeric resin particles and 
graphitic carbon particles into the open holes was observed. 
SEM observation revealed that most of the open holes on 
the cubes were occupied by graphitic carbon particles. This 
leads to selective sensing of particles. This could be use-
ful for developing key materials for micro/nanoencapsula-
tion processes. These processes have many applications, 
such as the controlled release of drugs, cosmetics and pig-
ments, the protection of bioactive species and the removal 
of pollutants.

As a structure capable of identifying and sensing parti-
cles, Tang et al. fabricated a fullerene microhorn (Fig. 20) 
[175]. First, they prepared a fullerene microtube containing 
a solid core that bisected a tubular cavity, using a solution 
containing a mixture of C60 and C70 fullerenes. Exposure to 
an alcohol/mesitylene mixture at 25 °C caused the micro-
tube to change structure, forming a microhorn. Due to the 
low solubility of C70 and C60 fullerenes in the solvent, the 
C60 and C70 cocrystal distribution is not uniform. The solid 

Fig. 19  Highly crystalline fullerene 
C70 cubes with open-hole struc-
tures in the centre of each face with 
preferential recognition capability 
for graphitic carbon particles over 
polymeric resin particles of similar 
dimensions. Due to the sp2-rich 
carbon material nature of the cubes, 
the open-hole cubes can preferen-
tially recognise graphitic carbon 
particles over polymeric resin 
particles of similar dimensions. 
Reprinted with permission from 
Ref. 174 Copyright 2017 American 
Chemical Society

 

Fig.  18  A metal–organic framework on a fullerene aggregate 
(MOFOF): synthesis procedure involving the initial controlled fabri-
cation of the fullerene as a tubular nanostructure (fullerene nanotube), 
followed by surface functionalisation and surface growth of the MOF 
(left); QCM sensor modified with MOFOF for a wide range of VOCs 

were observed, with the sensitivity/selectivity order being formic 
acid > acetic acid > toluene > benzene > cyclohexane > hexane > pyri-
dine > acetone > aniline (right). Reprinted with permission from Ref. 
173 Copyright 2024 American Chemical Society
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nanoarchitectonics. The next section will present exam-
ples of nanoarchitectonics incorporating sensing device 
structures.

A sensor receives an external object or stimulus and con-
verts it into an electrical signal. If we could construct a mate-
rial system whose conductivity changed in response to an 
external stimulus, it could easily be combined with various 
existing devices. For example, this goal would be met if the 
conductivity of an organic semiconductor could be adjusted 
by an external reaction. Ishii, Yamashita and their col-
leagues developed a method of controlling the Fermi level 
of a semiconductor using proton-coupled electron trans-
fer, a process that is widely used in biochemistry (Fig. 21) 
[176]. Chemical doping was achieved by simply immers-
ing a p-type organic semiconductor thin film in an aque-
ous solution containing a proton-coupled electron-transfer 
redox couple and hydrophobic molecular ions. A pair of qui-
none and benzoquinone was used as the redox couple. The 
synergistic reaction of proton-coupled electron transfer and 
the intercalation of hydrophobic ions enabled the efficient 
chemical doping of a crystalline organic semiconductor thin 
film at room temperature. According to the Nernst equation, 
the Fermi level of an organic semiconductor thin film is con-
trolled by proton activity. Therefore, a resistive pH sensor 
that does not require a reference electrode is also possible, 
based on this method. This doping control mechanism can 
be coupled to any chemical or biochemical process that can 
alter proton activity. Therefore, this mechanism has poten-
tial applications in biosensors and bioelectronics. Since the 
process can be performed in aqueous solutions at room tem-
perature and pressure, it is highly scalable in practice. It will 
serve as a platform for ambient semiconductor processing 
and biomolecular electronics. In addition, further systematic 

intricate structures created by face-selective chemical etch-
ing of crystals; fullerene rosettes; a two-dimensional mate-
rial created by the simultaneous assembly and reaction of 
fullerenes; a two-dimensional, sheet-like structure called 
fullerphene; a new material called a MOF hybridized with 
fullerene. These structures offer high sensitivity to sensing 
due to their antenna structure, high surface area, nanoporous 
structure and composite structure. These structural charac-
teristics also enable selective sensing based on aromaticity, 
hydrophobicity, acidity/basicity and size differences of one 
atom. Fabricating these structures also allows for greater 
control over their structure. The fabrication of highly crys-
talline fullerene cubes with open holes in the centre of each 
face, as well as fullerene microhorn structures, has been 
demonstrated. The properties of these nano/microstructured 
surfaces enable the construction of sensing systems that 
can recognise graphitic carbon or silica particles preferen-
tially. These examples demonstrate that various structures 
can be constructed from simple units using nanoarchitec-
ture. Furthermore, these structures exhibit diverse sensing 
properties. Nanoarchitectonics, which involves assembling 
structures from simple molecular units in a bottom-up man-
ner, shows great potential for developing sensing materials.

4  Materials Nanoarchitectonics on Sensor 
Device Structures

The above section focused on sensing structures and materi-
als. In particular, it showed how a variety of sensing struc-
tures can be constructed from simple unit molecules using 

Fig.  20  Fabricated a fullerene microhorn through first formation of 
a fullerene microtube using a solution containing a mixture of C60 
and C70 fullerenes and conversion to a microh upon exposure to an 
alcohol/mesitylene mixture (left), which exhibits preferential recog-

nition of silica particles over fullerene C70, polystyrene latex, poly-
styrene hydroxylate or polystyrene carboxylate particles of a similar 
size (right). Reprinted with permission from Ref. 175 Copyright 2019 
American Chemical Society
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edge-casting method. Strain sensors based on this single 
crystal were fabricated using an ion-exchange doping 
method. This produced organic semiconductor crystalline 
thin films on 10  cm substrates, with a uniform and scal-
able fabrication and doping process. The sensor structure 
is designed to accurately measure resistance changes with 
a low noise level using a Wheatstone bridge circuit and a 
compact lock-in amplifier. Significant noise reduction was 
achieved, enabling highly accurate signal measurement 
with an accuracy of ± 1.8 ppm. The shift in signal voltage 
upon repeated application of 230 ppm strain was monitored. 
Based on the time-averaged data, the gauge factor was cal-
culated to be 22. These results demonstrate the scalable 
fabrication of highly accurate and reliable organic semicon-
ductor strain sensors, expanding their potential applications 
in various industrial fields.

A sensitive sensor can be created using hybrid nanoar-
chitectonics to incorporate a sensitive thin film into a new 
type of sensor system called a membrane-type surface stress 
sensor (MSS). An MSS consists of a silicon-based mem-
brane that is suspended by four sensing beams, forming a 
Wheatstone bridge. Each sensing beam is embedded with 
a piezoresistor via boron doping. Maji et al. developed a 
sensing device to monitor volatile fatty acids — a key inter-
mediate during bioreactor operation — in the headspace of 
an anaerobic reactor (Fig.  23) [178]. Anaerobic digesters 
have the potential to become a major source of green energy 
in a future sustainable society. To achieve this, the effec-
tive operating parameters of the reactor must be established 
and maintained through automation. Real-time estimation 

investigations through energy band diagrams would specify 
the other possible combinations for Fermi level regulation 
by proton-coupled electron transfer.

Organic semiconductor single crystals offer flexibility, 
can be processed using solutions, and enable high-mobility 
coherent carrier transport. These properties make them ideal 
for use in printed flexible electronics applications. Mechani-
cal strain sensors can be fabricated using organic semicon-
ductor single crystals as the active channel. Yamashita and 
colleagues fabricated resistive strain sensors through the 
stable and effective p-type chemical doping of organic semi-
conductor single crystals (Fig. 22) [177]. In this approach, 
3,11-dinonyldinaphtho[2,3-d:2’,3’-d’]benzo[1,2-b:4,5-b’]
dithiophene was used as the organic semiconductor and 
its single-crystal film was prepared using a continuous 

Fig. 22  A resistive strain sensor through the stable and effective p-type 
chemical doping of organic semiconductor single crystals. The shift in 
signal voltage upon repeated application of 230 ppm strain was moni-
tored. Based on the time-averaged data, the gauge factor was calcu-
lated to be 22. Reproduced under terms of the CC-BY license from 
Ref. 177, 2025 Taylor & Francis

 

Fig. 21  A method of controlling the Fermi level of a polymer semicon-
ductor film using proton-coupled electron transfer, enabling a resistive 
pH sensor that does not require a reference electrode. According to 
the Nernst equation, the Fermi level of an organic semiconductor thin 

film is controlled by proton activity. Therefore, a resistive pH sensor 
that does not require a reference electrode is also possible, based on 
this method. Reprinted with permission from Ref. 176 Copyright 2023 
Springer-Nature
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bonds or fluorine atoms of the PF6
⁻ anion, and it is this weak 

interaction between these moieties that favours the effective 
absorption of methanol. The rigid, sterically hindered ligand 
effectively forms a dense receptor layer with limited inter-
molecular space, enabling sensitive discrimination of small 
molecules. A clear MSS signal response was also observed 
upon exposure to methanol samples that were trace-mixed 
in n-hexane and gasoline. The response to the methanol 
blend was higher than that to the ethanol blend. In fact, 
gasoline vapour containing 1% methanol produced a much 
higher MSS response than the gasoline sample containing 
20% ethanol. Contamination of gasoline and related petro-
leum samples with methanol is a common problem in the 
automotive and fuel sectors worldwide. The results of this 
study will help to address this societal issue.

The ability to detect trace amounts of water in organic 
solvents is of great importance in chemistry and industry. 
Although Karl Fischer titration has traditionally been used 
for this purpose, it has some limitations in terms of rapid 
and direct detection due to the time-consuming nature of 
sample preparation and the specific instrument requirements 
involved. As an alternative, Murata et al. developed an MSS 
nanomechanical sensor with DNA immobilised using an 
inkjet printer (Fig. 25) [180]. To estimate the selectivity of 
the DNA-coated MSS sensor for water, the response to six 

of the volatile fatty acid content in the reactor headspace 
is therefore necessary. Porphyrin derivatives were inkjet 
printed onto the MSS membrane surface, and single crystals 
were grown within a microporous structure. The sensor sys-
tem demonstrated excellent sensitivity to each acid vapour, 
with the highest sensitivity to acetic acid. In particular, its 
extremely low sensitivity and selectivity to water vapour 
make it ideal for real-time sensing applications. This sensor 
principle can also be used for other purposes. The presence 
and composition of volatile fatty acids in the human gut 
microbiome are important factors in determining general 
digestive health. They have also been reported to affect sev-
eral pathologies, including cancer and cognitive function. It 
is expected that the in situ system for volatile fatty acids will 
be widely applied to these important targets.

Nishikawa et al. successfully fabricated a copper(I) com-
plex-coated MSS system to be used as a platform for the 
specific sensing of methanol molecules (Fig. 24) [179]. The 
sensing performance of various volatile organic compounds 
was investigated based on the transmission of mechanical 
stress derived from the sorption-induced deformation of 
the Cu(I) complex. The fabricated sensor device exhibited 
a selective response to methanol in the presence of a wide 
range of volatile organic compounds. The complex metal 
centre is surrounded by hydrogen atoms of aromatic C-H 

Fig. 24  A copper(I) complex-
coated MSS system to be used as a 
platform for the specific sensing of 
methanol. Typical response profiles 
are shown in right-hand side. 
Reprinted with permission from 
Ref. 179 Copyright 2021 Oxford 
University Press

 

Fig.  23  A membrane-type surface stress sensor (MSS) with porous 
materials of porphyrin derivatives for real-time estimation of the vola-
tile fatty acid content in the reactor headspace is therefore necessary. 
In this sensor, porphyrin derivatives were inkjet printed onto the MSS 

membrane surface, and single crystals were grown within a micropo-
rous structure. Reprinted with permission from Ref. 178 Copyright 
2025 Wiley–VCH
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surface roughness of 7.4 nm). Spectrum analysis revealed 
fragmentation due to cleavage of phosphate bonds, yet the 
DNA thin film formed by the laser molecular beam deposi-
tion method exhibited molecular flatness. Volatile organic 
compounds such as methanol, ethanol, 2-propanol, acetone, 
tetrahydrofuran, toluene, benzene and n-hexane were exam-
ined. A QCM sensor fabricated with a DNA thin film using 
laser molecular beam deposition exhibited greater metha-
nol detection ability than a sensor using a DNA thin film 

water-miscible organic solvents (methanol, ethanol, tetra-
hydrofuran, acetone, acetonitrile and pyridine), three water-
immiscible solvents (n-hexane, benzene and toluene) and 
ten vapours containing water was measured. High sensitiv-
ity and selectivity to water vapour were demonstrated. Addi-
tionally, trace amounts of water in organic solvents could 
be detected. Trace amounts of water could be successfully 
detected and quantified in the vapour at the limit of detec-
tion of ppb. Compared with Karl Fischer titration, water 
content could be quantified in a shorter amount of time. 
Furthermore, when determining the water content in tetra-
hydrofuran, a signal was produced two seconds after vapour 
injection. The chemical reactions used in Karl Fischer titra-
tion usually require a base reagent, such as pyridine, so Karl 
Fischer titration is not applicable to all solvents. Therefore, 
the DNA-based nanomechanical sensor could be used as an 
alternative to Karl Fischer titration. It provides a simple, 
rapid method for detecting and quantifying trace amounts of 
water in various organic solvents.

Using the inkjet method, it is difficult to create a thin film 
with molecular-level smoothness, and there may be variation 
in the quality of each sample. To address this issue, Murata 
et al. developed a method of fabricating a solid, nanome-
tre-flat DNA thin film using a DNA source extracted from 
salmon sperm and laser molecular beam deposition under 
high vacuum conditions (Fig. 26) [181]. While the cast film 
was uneven by about 100 nm, the film produced using the 
laser molecular beam deposition method was uneven by no 
more than the measurement noise range (with an average 

Fig. 26  Fabrication of nanometre-flat DNA thin film using laser molec-
ular beam deposition under high vacuum conditions for a QCM sen-
sor with greater methanol detection ability. A QCM sensor fabricated 
with a DNA thin film using laser molecular beam deposition exhibited 
greater methanol detection ability than a sensor using a DNA thin film 
fabricated by spin coating. Reprinted with permission from Ref. 181 
Copyright 2022 Oxford University Press

 

Fig. 25  A MSS nanomechanical sensor with DNA immobilised using 
an inkjet printer capable of detection of trace amounts of water at the 
limit of detection of ppb. The response to six water-miscible organic 
solvents (methanol, ethanol, tetrahydrofuran, acetone, acetonitrile and 

pyridine), three water-immiscible solvents (n-hexane, benzene and 
toluene) and ten vapours containing water was measured. High sensi-
tivity and selectivity to water vapour were demonstrated. Reproduced 
under terms of the CC-BY license from Ref. 180, 2022 MDPI
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reactions, molecular recognition and external stimuli with 
the doping behaviour and conductivity of organic semi-
conductors enables the creation of sensing systems that 
integrate stimuli and signals. Additionally, the hybrid 
nanoarchitectonics of sensitive films and new devices can 
produce highly sensitive sensors for various targets. Devel-
oping functional structures by combining multiple processes 
based on the concept of nanoarchitectonics is beneficial for 
sensor development.

5  Future Perspectives

This review article has adopted a methodology of examining 
examples of sensors and sensing functions, limited to recent 
papers with the word ‘nanoarchitectonics’ in the title. The 
materials and applications used are generally very diverse. A 
notable trend is the development of sensors for increasingly 
complex targets, such as biomaterials and biological phe-
nomena. Creating such recognition structures necessitates 
sophisticated construction techniques. Nanoarchitectonics 
should play a significant role in integrating technologies 
to create functional structures. To demonstrate that various 
structures can be prepared using nanoarchitectonics from 
simple units, this review article presents an approach to 
constructing sensing structures from the bottom up nano-
architectonics based on fullerenes. Using the nanoarchi-
tectonics approach, hierarchical sensing structures that can 
accommodate various recognition sizes can be developed 
from simple units of a single element in zero dimensions. 
Nanoarchitectonics broadly encompasses material chemis-
try approaches and fabrication methods for device creation, 
making it a suitable methodology for fabricating material/
device structures. Coupling molecular reactions, molecular 
recognition and external stimuli with the doping behav-
iour and electrical conductivity of organic semiconductors 
makes it possible to create sensing systems that integrate 
stimuli and signals. Furthermore, hybrid nanoarchitectonics 
of sensitive films and devices can be employed to produce 
highly sensitive sensors for various targets. Nanoarchitec-
tonics provides a methodology for developing functional 
structures by combining multiple processes, which is ben-
eficial for sensor development.

The nanoarchitectonics approach involves building up 
molecules, materials or device structures and is ideal for cre-
ating selective recognition structures for molecules, materi-
als, or stimuli. It is also useful for creating organizations 
that efficiently transmit signals. The concept of nanoarchi-
tectonics is therefore used in many sensor research projects. 
Finally, I would like to consider some avenues for future 
research. As demonstrated by numerous sensor examples, 
there is a high demand for bio-based sensors. Demand for 

fabricated by spin coating. The reproducibility of the sensor 
response to methanol was confirmed by repeatedly switch-
ing between methanol vapour and nitrogen gas. This depo-
sition method can produce uniform films over large areas 
and is therefore suitable for mass production. It is expected 
that this method will be applied to a wide range of potential 
biomolecular sensing thin films.

This section has presented examples of sensor struc-
tures constructed as a hybrid of sensing films and device 
structures. A method of controlling the Fermi level of 
semiconductors has been developed using proton-coupled 
electron-transfer, a process that is widely used in biochemi-
cal reactions. According to the Nernst equation, the Fermi 
level of organic semiconductor thin films is influenced 
by proton activity. This could lead to the development of 
resistive pH sensors that do not require a reference elec-
trode. Organic semiconductor single crystals offer flex-
ibility, solution processability and high-mobility coherent 
carrier transport. These properties enable the fabrication 
of mechanical strain sensors using organic semiconductor 
single crystals as the active channel. Sensitive sensors can 
also be fabricated using hybrid nanoarchitectonics to incor-
porate sensitive thin films into a new type of sensor system 
called MSS. Porphyrin derivatives can be inkjet-printed 
onto MSS membrane surfaces to grow single crystals with a 
microporous structure, resulting in sensors that show excel-
lent sensitivity to acid vapour. Notably, they exhibit the 
lowest sensitivity and selectivity to water vapour, offering 
significant advantages for real-time sensing applications. 
Furthermore, it has been demonstrated that MSS systems 
coated with copper(I) complexes can be used as a novel 
sensing platform for specific molecular detection. The 
weak interaction between these moieties enables effective 
methanol absorption, allowing trace amounts of methanol 
to be detected in gasoline. MSS nanomechanical sensors 
with inkjet-immobilised DNA showed high sensitivity and 
selectivity to water vapour, enabling the detection of trace 
amounts of water in organic solvents. They have succeeded 
in detecting and quantifying water at parts per billion (ppb) 
levels in solvents through the vapour. There have also been 
innovations in thin film fabrication methods. A DNA source 
extracted from salmon sperm was used in a laser molecular 
beam deposition method under high vacuum conditions to 
develop a technique for producing solid thin films featuring 
nanometre-flat DNA. A sensor fabricated with this film on a 
QCM electrode exhibited greater methanol detection capa-
bilities than a sensor using a spin-coated DNA thin film.

Nanoarchitectonics encompasses a range of material 
chemistry approaches, including molecular assembly and 
thin film fabrication, as well as fabrication methods for 
creating devices. It is a methodology suitable for fabricat-
ing material and device structures. Coupling molecular 
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