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This review discusses organic semiconductors interfaced with biomolecular systems, focusing on the construction of material systems through
biochemical pathways for device nanoarchitectonics. The initial section highlights biosensors as representative applications at the interface of
device engineering and biosystem science. The subsequent sections describe nanoarchitectonics approaches for the synthesis and organization
of organic semiconductor devices using bioprocessing. In particular, doping of organic semiconductors in water under ambient conditions coupled
with bioprocessing are emphasized, including proton-coupled electron transfer and sugar redox reactions. Inspired by the sophisticated molecular
architectures that enables ultra-high-level functions in biological systems, nanoarchitectonics is expected to facilitate further advances in organic
semiconductor biodevices. © 2026 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP Publishing Ltd

1. Introduction

Human civilization depends on the availability of materials,
machines, and devices, and advances in these technologies
have significantly improved our quality of life. From a
materials perspective, scientific progress during the 20th
century represented a major turning point. In addition to
naturally occurring substances, developments in various
fields of chemistry have enabled the creation of a wide
range of new materials. This trend continues today in
chemistry-related disciplines such as organic chemistry,1–4)

inorganic chemistry,5–8) polymer chemistry,9–12) supramole-
cular chemistry,13–16) coordination chemistry,17–20) materials
chemistry,21–24) and biochemistry.25–28) Physics also plays
an essential role in the detailed investigation of the physical
properties of these materials. In particular, the development
of highly accurate, high-resolution analytical techniques has
clarified the fundamental principles underlying the properties
and mechanisms of microstructures and nanostructures.29–31)

Owing to these advances in chemistry and physics, it has
become widely recognized that controlling nanostructures
and their properties at the nanoscale is crucial.32–34) The
properties of a given material can vary dramatically de-
pending on its nanostructures. In some cases, precise control
of nanostructure can lead to unique properties and highly
functional systems.35–37) In this context, the emergence of
the concept of nanotechnology marked a critical step in this
scientific trend.38,39)

Nanotechnology has enabled the observation40–42) and
manipulation43,44) of structures at atomic and molecular
levels. Furthermore, it has significantly advanced the char-
acterization of physical properties at these corresponding
scales.45–48) These developments have deepened our under-
standing of the fundamental principles governing nanoscale
physics. Such knowledge should now be applied to the
development of functional materials. Nanoarchitectonics, a
post-nanotechnology concept, has been proposed to achieve

this goal (Fig. 1).49) It involves constructing functional
material systems from atomic- and molecular-scale building
blocks.50–52) By integrating nanotechnology with materials
chemistry and physics, nanoarchitectonics provides a com-
prehensive framework for the creation of functional mate-
rials. In this approach, materials are assembled using a
variety of techniques, including atomic and molecular
manipulation, chemical transformations (including organic
synthesis), physical transformations, self-assembly and self-
organization, alignment and structurization induced by ex-
ternal forces or fields, micro- and nanofabrication, and
biochemical processes.53–55) This concept emphasizes the
integration of multiple technologies, and the construction
process often involves multiple stages. Compared with
single-step self-assembly, nanoarchitectonics is particularly
advantageous for fabricating asymmetric and hierarchical
structures.56) Because all materials are composed of atoms
and molecules, nanoarchitectonics can, in principle, be
applied to the creation of virtually any material system. If
the ultimate theory of physics is regarded as a “theory of
everything,”57) nanoarchitectonics may be considered a
methodology applicable to virtually everything in materials
science.58,59)

Although the term “nanoarchitectonics” is relatively new, the
fundamental concepts underlying this methodology have been
explored for decades. Two representative examples can be
considered—one artificial and the other natural. The first
example is the development of devices such as highly
integrated circuits, which have progressed through increasing
levels of integration enabled by ultrafine processing technolo-
gies. Subsequently, the importance of various material
innovations,60–63) quantum effects,64–66) and structural organi-
zation techniques—such as interface manipulation,67–69) and
supramolecular organization70–72) —has become evident.
Device development is therefore a field in which the integration
of top-down and bottom-up processes is steadily advancing.
This research and technological field can be regarded as a
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representative example of nanoarchitectonics as a comprehen-
sive approach for constructing functional structures.73–75)

Biofunctional structures provides prime examples of
successful molecular architectures, and demonstrate the
potential for constructing functional material systems based
on concepts similar to nanoarchitectonics. In various
biological systems, including those involved in
photosynthesis,76,77) functional molecules are arranged in
a highly organized manner, enabling the execution of
complex functions. These structures are as if functional
molecules were assembled according to an ingenious
blueprint. Such biological systems can therefore be re-
garded instructive models for nanoarchitectonics.77–79)

Examples like these provide important inspiration for the
development of nanoarchitectonics strategies. To construct
such advanced functional systems, we should aim to
achieve in a few decades what nature has accomplished
over billions of years.

Integrating these two successful concepts of nanoarchi-
tectonics—artificial device fabrication and biological func-
tional systems—is highly significant. In particular, this
integration leads to device development involving biopro-
cesses. This review discusses the development of device
materials utilizing bioprocesses and devices from the per-
spective of nanoarchitectonics. Accordingly, we focus on
materials that can function from intermediaries between
biosystems and electronic devices. Such materials are soft
and flexible, similar to biosystems, while possessing specific
electronic functions. Representative candidates include con-
ductive polymers80–82) and organic semiconductors83–85)

including polymeric semiconductors.86–88) Consequently,
this review primarily focus on the coupling of organic
semiconductor nanoarchitectonics with bioprocesses for
device applications.

With this background, we briefly summarize the advan-
tages of organic semiconductors and explain why they have
attracted considerable attention. Organic semiconductors are
composed of organic compounds and exhibit several advan-
tages compared with conventional inorganic semiconductors
such as silicon. These advantages includes low cost, light
weight, ease of fabrication, and compatibility with flexible
substrates. In addition, organic semiconductors offer a
significant advantage in terms of functionality because their
properties can be readily tailored through molecular
design.89–91) For example, substituents can be introduced
and the length of aromatic conjugation can be adjusted to
optimize performance for specific applications. Furthermore,
organic semiconductors with systematically varied molecular
structures can be synthesized. Low-temperature processing is
also possible, and large-area thin films can be readily
fabricated using solution-based processes.92–94) Thus, or-
ganic semiconductors are well suited to nanoarchitectonics
involving molecular design and the fabrication of thin-film
structures.

Accordingly, this review discusses “organic semiconduc-
tors interfaced with biomolecular systems,” with a focus on
the constructing material systems through “biochemical
pathways for device nanoarchitectonics.” Biological pro-
cesses offer several advantages, including low environmental
impact, high specificity and selectivity, and low toxicity to
the human body. In addition, biomolecular reactions enable
precise control of electron transfer, which can be utilized in
the development of electronic materials. The flexibility and
lightweight nature of organic semiconductors also make
them promising candidates for wearable devices.95–97)

Therefore, incorporating biomolecular processes that exert
minimal impact on the human body is highly attractive for
the development of such devices. This review highlights

Fig. 1. Outline of nanoarchitectonics, a post-nanotechnology concept, for constructing functional material systems from atomic and molecular-scale
objects through fusing nanotechnology with material chemistry and physics.
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recent research trends in organic semiconductors systems
that employ biomolecular processes.

The following section focuses on biosensors as represen-
tative examples of applications at the interface between
device engineering and biosystem science. Several examples
involving both small molecules and polymers are presented
to illustrate the potential functionalities of organic semicon-
ductors when interfaced with biomolecular systems. The
subsequent section discusses nanoarchitectonics approaches
for the synthesis and organization of organic semiconductor
devices, with particular emphasis on bioprocessing. This
includes the fabrication of electronic materials through
bioprocesses and the organization of device materials within
interfacial environments. The next section addresses na-
noarchitectonics related to doping, which is essential for
the processing of organic semiconductors. First, a general
overview of doping is provided as a methodological guide,
followed by recent examples of its coupling with bioproces-
sing, including proton-coupled electron transfer (PCET) and
sugar redox reactions. In addition, examples of device
stabilization through bioprocessing are introduced.
Although the integration of bioprocessing with organic
semiconductor engineering is a relatively recent develop-
ment, it holds significant potential. The final section dis-
cusses future perspectives. This review aims to stimulate
further exploration of biological reactions in the fields of
organic semiconductors and nanomaterials research.

2. Usage examples of organic semiconductor device
for biology: biosensor

First, we provide an overview of the relationship between
bioprocesses and organic semiconductor devices using ex-
amples to illustrate this. Biosensors are devices that interface
with biological systems. We then provide brief examples of
biosensors that use organic semiconductors, and give an
overview of their structures and target materials.

We focus on two types of transistor structures used for
sensing: organic electrochemical transistors (OECTs) and
extended-gate field-effect transistors. OECTs use electrolytes
consisting of aqueous solutions or ionic liquids and offer
greater capacitance and transconductance than solid-state
thin-film transistors. Consequently, they can be driven by
extremely low voltages. Conversely, extended-gate transis-
tors are constructed by attaching an extended gate to an
existing organic field-effect transistor (OFET), which en-
ables the OFET to be operated in a dry environment. This
avoids water, which contributes to device degradation, and
enables long-term stable operation. Below, we introduce the
specific sensing targets and analytical methods employed
with these devices.
2.1. Biosensor for small molecular gest
2.1.1. Glucose sensor. Abnormal blood glucose levels
and impaired regulation of glucose metabolism can cause
serious health problems, making the development of afford-
able glucose sensors essential for effective health manage-
ment on an individual level. OECTs have emerged as a
promising platform for biosensing applications due to their
inherent advantages, such as low operating voltage require-
ments and exceptional sensitivity. Glucose detection can be
achieved by immobilizing the glucose-selective glucose
oxidase on the gate electrode. Several examples employing

p-type channels based on PEDOT:PSS have been reported.
One representative case, reported by Berggren, Stavrinidou
and co-workers [Fig. 2(a)], involves a gate electrode
functionalized with platinum nanoparticles and glucose
oxidase.98) In this system, the addition of glucose triggers
an enzyme-catalyzed redox reaction that generates hydrogen
peroxide. The Pt nanoparticles on the gate subsequently
oxidize the hydrogen peroxide, leading to electron transfer
and a shift in the effective gate potential, which results in a
decrease in the channel current. Specifically, glucose export
was directly monitored in isolated chloroplasts from tobacco
plants. The OECT sensor was interfaced with the chloro-
plasts, enabling the detection of glucose release with a time
resolution of 1 min.

In contrast, Xu and co-workers reported the use of an n-
type conductive polymer, the polymeric semiconductor poly
(benzimidazobenzophenanthroline) (BBL), as the channel
material in an OECT [Fig. 2(b)].99) In this system, ferrocene
was co-immobilized with glucose oxidase on the gate
electrode, serving as an electron mediator to enhance the
efficiency of electron transfer between the gold electrode and
glucose oxidase. The BBL exhibited high performance and
stability in aqueous electrolyte solutions. Stability tests
confirmed consistent performance under multiple cycles
and continuous stress, demonstrating the long-term stability
and reliability of the sensor. Overall, the n-type polymer
semiconductor-based OECT glucose sensor exhibited pro-
mising performance, stability and flexibility, highlighting its
strong potential for practical glucose sensing applications.
2.1.2. Lactate sensor. Lactate is one of the key meta-
bolic products in the anaerobic phase of glycolysis and an
important biomarker in clinical diagnosis and sports
medicine.100,101) Although blood lactate levels have tradi-
tionally been used for measurement, a positive correlation
has been observed between blood and sweat lactate
concentrations.102,103) This makes sweat lactate measure-
ment a noninvasive method for quantitatively detecting
lactate. Since lactate oxidase is selective for lactate, it can
be detected by immobilizing it on the gate electrode or
channel of an OECT. Pappa et al. reported a lactate sensor
based on an electron-deficient naphthalene diimide (NDI)
copolymer [Fig. 3(a)],104) in which the enzyme was im-
mobilized through interactions with the ethylene glycol side
chains. This provides good electrochemical contact with the
redox-active copolymer, allowing electrons generated during
the enzymatic reaction to be transferred to the polymer
backbone and change its conduction properties. This device
can detect metabolites, such as lactate, with high sensitivity
and low power consumption. In particular, the polar side
chains of the conducting polymer facilitate interaction with
the enzyme, enabling direct electrical detection without the
need for an intermediate. In another example, composite
conductive nanofiber materials were used to fabricate fiber-
like OECTs, making them more suitable for wearable
devices.105)

Meanwhile, Sasaki and Minami, in their mini-review,
described a lactate detection method based on extended-
gate transistors, which enables sensing without direct im-
mersion of the active channel.106) In this system, lactate
oxidase was immobilized on the extended gate electrode, and
a solution-processable π-conjugated polymer, poly{2,5-bis
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(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene} (PBTTT), was
used as the channel material (Fig. 3(b)). During the OFET
operation, the gate voltage was applied via a reference
electrode (Ag/AgCl). Both the extended gate electrode and
the reference electrode were immersed in the analyte solution
(e.g. body fluid), and the potential difference was measured at
the interface between the sensing electrode and the analyte
solution. The addition of lactate to the solution triggered an
enzymatic reaction that induced electron transfer, thereby
changing the surface potential of the sensing gate electrode
and resulting in variations in the drain current and threshold
voltage.
2.2. Sensor for biopolymer
2.2.1. DNA/RNA sensor. DNA and RNA are essential
macromolecules of the human body. They serve as the
foundational basis for storing, transcribing, expressing and
regulating genetic information, and play crucial roles in all
life-sustaining processes. These two molecules were detected
using single-stranded DNA (ssDNA) as a sensing element.
When ssDNA binds complementarily to target ssDNA,
double-stranded DNA is formed, causing change in the
gate potential and channel current. Li, Chen, Wang and co-
workers developed an ultrasensitive, label-free DNA detec-
tion method using a solution-gated graphene transistor
functionalized with carbon quantum dots [Fig. 4(a)].107)

The carbon quantum dots were immobilized on the gate
electrode surface via mercaptoacetic acid containing a thiol
group, and ssDNA probes were attached through strong π–π
interactions. Upon hybridization with complementary

ssDNA, double-stranded DNA is formed and subsequently
detaches from the carbon quantum dot surface, resulting in a
Dirac voltage shift and a corresponding channel current. The
method achieved a low detection limit of 1 aM, enabling
discrimination of single-base mismatches.

Zhang, Yang, Li and co-workers also reported on a
solution-gated graphene transistor biosensor for the ultra-
sensitive and rapid quantitative detection of microRNA-21
(miRNA-21), an early-stage prostate cancer biomarker
[Fig. 4(b)].108) A ssDNA probe designed to specifically
bind the miRNA-21 molecular target was immobilized on
a gold gate, where it effectively hybridized with the target,
inducing a voltage shift. Because miRNA-21 molecules are
electronegative due to their phosphate backbone, hybridiza-
tion with the ssDNA probe corresponds to an offset voltage
applied at the gate electrode. The device also exhibited a low
detection limit of 1 aM and single-base mismatches were
clearly distinguishable.
2.2.2. Protein sensor. Proteins are among the key
macromolecules of life, and measuring protein concentration
is essential for medical diagnosis, biological therapy and
prevention of related diseases. The detection of proteins
using OECT-based biosensors typically relies on antigen–
antibody interactions, in which either antibodies or antigens
are immobilized on the gate or channel of an OECT as
biorecognition molecules. Yan et al. immobilized the spike
protein (antigen) of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) on the gate surface, enabling
the detection of SARS-CoV-2 immunoglobulin G (IgG)

Fig. 2. Examples of glucose sensor: (a) OECT-based glucose sensor using the conducting polymer PEDOT:PSS with the gate electrode functionalized
with platinum nanoparticles and glucose oxidase enzyme. Reprinted with permission from Ref. 98 Copyright 2020 Wiley-VCH; (b) OECT glucose
sensor based on poly(benzimidazobenzophenanthroline) (BBL) as the n-type polymeric semiconductor channel material with immobilizing glucose
oxidase and ferrocene on the gate electrode. Reprinted with permission from Ref. 99. Copyright 2024 Elsevier.
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through antigen–antibody interactions [Fig. 5(a)].109)

Because proteins composed of zwitterionic amino acids
carry net charges depending on pH, changes in the local
ionic concentration and distribution near the gate modulate
the electrical characteristics of OECT, thereby enabling
detection. By optimizing the ion concentration and pH of
the test solution, they achieved a detection range from 10 fM
to 100 nM (covering the SARS-CoV-2 IgG concentration
range in human serum) and enabling specific detection
within minutes.

The detection of human epidermal growth factor receptor
2 (HER2), an important prognostic biomarker for breast
cancer, has also been reported. Yang et al. fabricated an
HER2 sensor by using PEDOT:PSS as a conductive polymer
and immobilizing an anti-HER2 antibody on the gate
electrode.111) This protein sensor was capable of detecting
HER2 at concentrations as low as 10−14 g ml−1, which is
several orders of magnitude lower than the detection limits
of previously reported electrochemical methods.
Furthermore, the device could reliably distinguish between
breast cancer cells and normal cells over a wide range of
concentrations.

Wang et al. developed a sensor for the detection of
survivin protein, a human gene product found in cancer cells
[Fig. 5(b)].110) In this sensor, the gate electrode was first
functionalized with mercaptoacetic acid, followed by im-
mobilization of anti-survivin antibodies. The authors fabri-
cated an ultrathin, micropatterned MXene/PEDOT:PSS-
based OECT biosensor, which enabled the detection of

survivin protein at concentrations as low as 10 pg ml−1 in
the OECT electrolyte. A comparison with a commercially
available enzyme-linked immunosorbent assay kit showed
good linearity in detection response.

Although these represent only a small subset of the
potential applications, organic semiconductors have been
shown to enable the detection of biomolecules spanning a
wide range of molecular sizes. These findings highlight
their considerable potential to contribute to the develop-
ment of next-generation biosensing devices. To further
advance this field, it is essential to establish more sophis-
ticated nanoarchitectonics designs of device materials
and structures. The following sections will discuss the
nanoarchitectonics of organic semiconductors in terms
of material fabrication, structural control and doping
control.

3. Nanoarchitectonics for bio-relevant organic
semiconductor devices

In the previous section, we presented several examples of
biosensors to illustrate how devices based on organic
polymer semiconductors and conducting polymers can
interact with biological systems. These examples strongly
indicate that such devices could play a crucial role in various
bioprocesses. However, realizing more rational device de-
signs will require multifaceted structural control and the
integration of multiple fabrication processes. Because these
technologies fundamentally rely on constructing materials
and devices from the nanoscale, the concept of

Fig. 3. Examples of lactate sensor: (a) OECT lactate sensor using an electron-deficient naphthalene diimide (NDI) copolymer, allowing electrons
generated during the enzymatic reaction (lactate oxidase) to be transferred to the polymer backbone and change its conduction properties. Reprinted with
permission from Ref. 104. Copyright 2018 AAAS; (b) lactate sensor using a solution-processable π-conjugated polymer material (poly{2,5-bis(3-
alkylthiophen-2-yl)thieno[3,2-b]thiophene} (PBTTT) as organic semiconductor layer, where addition of lactic acid to the aqueous solution induced an
enzymatic reaction resulting in electron transfer causing a change in the surface potential of the sensing gate electrode. Reproduced under terms of the
CC-BY license Ref. 106. 2025 Springer-Nature.
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nanoarchitectonics has become increasingly important. In the
following sections, we will discuss the nanoarchitectonics of
organic semiconductor devices for bioprocesses applications
from several perspectives.

Controlling electron transfer, electronic states and electron
density is a crucial aspect in the fabrication of advanced
electronic materials and devices. Certain biomaterials are
capable of precisely regulating the movement of electrons
and protons under ambient conditions, suggesting their
potential utility in the design and fabrication of next-
generation electronic systems. A representative example is
the plating reaction, in which electrons are transferred among
sugars, reducing agents, and metal ions to form metallic thin
films. In this review, we discuss strategies for fabricating and
controlling advanced nanomaterials, thin films, and devices
through the use of biomolecules.
3.1. Materials nanoarchitectonics
Here, we summarize recent advances in the synthesis
and assembly of conducting polymers and organic

semiconductors that have been integrated into biopro-
cesses. In particular, the former allows in vivo synthesis,
which greatly facilitates their coupling with biological
systems.
3.1.1. Bio-conjugated nanoarchitectonics. Among
various approaches to developing bioelectronic materials,
polymeric semiconductors offer distinct advantages over
their small-molecule counterparts, as they can be readily
processed into uniform thin films through techniques such
as spin coating. However, oxidative polymerization—com-
monly employed for the synthesis of polymeric semicon-
ductors and conducting polymers—often requires heavy-
metal catalysts, which can limit their applicability due to
metal-induced biotoxicity. In contrast, enzymatic oxidative
polymerization provides superior biocompatibility and
enables highly selective and controllable polymer growth
owing to the intrinsic reaction specificity of enzymes. For
example, the peroxidase-mediated oxidation and polymer-
ization of monomers containing 2,5-bis(2,3-dihydrothieno

Fig. 4. Examples of DNA sensor: (a) an ultrasensitive, label-free DNA detection method using a solution-gated graphene transistor functionalized with
carbon quantum dots, in which, upon hybridization with complementary ssDNA, double-stranded DNA is formed and subsequently detaches from the
carbon quantum dot surface, resulting in a Dirac voltage shift and a corresponding channel current. Reprinted with permission from Ref. 107. Copyright
2022 American Chemical Society; (b) a solution-gated graphene transistor biosensor for the ultrasensitive and rapid quantitative detection of microRNA-
21 (miRNA-21), an early-stage prostate cancer biomarker. Reproduced under terms of the CC-BY license Ref. 108. 2023 Wiley-VCH.
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[3,4-b][1,4]dioxin-5-yl)thiophene (ETE) have been re-
ported as a nanoarchitectonics-based strategy for devel-
oping in vivo device materials, as illustrated below.

Building upon this concept, Strakosas, Berggren and co-
workers reported a method to induce enzymatic polymeriza-
tion using endogenous metabolites, enabling the formation of
flexible and highly conductive organic polymer gels directly
within target tissues [Fig. 6].112) They developed a complex
precursor system that contains an oxidase producing hy-
drogen peroxide in vivo, a peroxidase catalyzing oxidative
polymerization, a water-soluble conjugated monomer, a
cross-linked polyelectrolyte, and a surfactant. This hybrid
system successfully induced polymerization and subsequent
gelation in vivo in living organisms such as zebrafish and
leeches, resulting the direct formation of flexible, conductive
electrodes compatible with neutral tissue. Unlike

conventional solid electrodes, this approach integrates bio-
compatibility with dynamic adaptability, making it highly
promising for the development of implantable electronic
devices and neural stimulation technologies. Importantly, it
enables the creation of organic electronic gels without rigid
substrate materials, which are inherently incompatible with
biological tissues. The technology offers biocompatibility
and dynamic adaptability not achievable with conventional
solid electrodes, highlighting its potential for implantable
bioelectronics and neurostimulation. Moreover, it represents
a nanoarchitectonics approach for establishing a seamless
interface between biological environments and electronic
materials.

Similarly, expanding the concept of enzymatic in vivo
polymerization to the plant kingdom, Stavrinidou et al.
demonstrated that a conjugated oligomer called ETE‑S can

Fig. 5. Examples of protein sensor: (a) OECT-based biosensors upon antigen–antibody interactions, in which immobilization of the spike protein
(antigen) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) on the gate surface enables the detection of SARS-CoV-2 immunoglobulin
G (IgG) through antigen–antibody interactions. Reproduced under terms of the CC-BY license Ref. 109. 2021 AAAS; (b) a sensor for the detection of
survivin protein, a human gene product found in cancer cells, which enabled the detection of survivin protein at concentrations as low as 10 pg ml−1 in
the OECT electrolyte. Reprinted with permission from Ref. 110. Copyright 2021 Springer-Nature.
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undergo in vivo polymerization into conductive polymers
within plant vascular tissues through peroxidase‑ and hy-
drogen peroxide‑mediated catalytic reactions.113) This ap-
proach exploits intrinsic biological metabolic build conduc-
tive structures in vivo, representing a nanoarchitectonics
strategy for bridging living systems with electronic function-
ality. In future, the precise design of molecular backbones
and side-chain structures may open new possibilities for
controlling specific polymerization pathways within living
organisms.

Extending this idea further to the cellular and genetic
level, a single-enzyme-mediated polymerization can also
be designed using chemically modified monomers whose
polymerization is induced by enzymes expressed in specific
cell types. This approach enables the chemical assembly of
functional materials within living cells, tissues, and organ-
isms by targeting specific genes and exploiting their genetic
information. Liu et al. integrated genetic engineering with
polymer chemistry to directly utilize complex cellular
architectures for the in vivo synthesis of bioelectronic
materials (Fig. 7).114) By inducing material synthesis in
genetically targeted cells, the polymerization proceeds with
high precision and selectivity at the cellular level, allowing
the localized generation of functional materials within
biological environments. Using this strategy, artificial
enzymes expressed in specific neurons enabled the
in vivo formation of conductive polymers within the neural
tissue of freely moving animals. In addition, by designing
genetically or anatomically targeted monomers and enzy-
matic catalysts, and by tuning biochemical parameters such
as pH, light, and redox potential, it becomes possible to
selectively trigger reactions within cells. This nanoarchi-
tectonics concept provides a generalizable platform that
extends beyond oxidative polymerization, offering a

promising route for constructing cell‑specific functional
structures through controlled chemical synthesis.

These examples demonstrate the in vivo construction of
conductive polymers aiming to integrate biological systems
and electronic devices at the materials level. Such intracel-
lular nanoarchitectonics is expected to provide an effective
approach for developing direct bio-monitoring devices.
3.1.2. Interfacial nanoarchitectonics. The above de-
scribes innovative processes, such as the in vivo creation
of conductive polymers, in great detail. However, nanoarch-
itectonics processes can also be developed by building on
existing knowledge to induce innovative improvements to
commonly used techniques. For instance, useful devices
structures can be realized, such as highly oriented thin films
of polymer semiconductors. Relevant recent examples are
shown below.

As mentioned above, polymeric semiconductors can
readily be fabricated into thin films using methods such as
spin coating. However, due to their strong intermolecular
interactions, they tend to aggregate easily, and high-tem-
perature dissolution and processing are therefore often
required. Furthermore, technologies for controlling their
main-chain orientation are still under development. In
contrast, many biomolecules exhibit self-organizing beha-
vior at room temperature at hydrophilic/hydrophobic inter-
faces. For instance, molecular mobility is higher at air–liquid
interfaces than in the solid state because molecules are
confined to two-dimensional space, which facilitates orienta-
tional control. We have reported a low-energy main-chain
orientation technique that exploits air–liquid and hydro-
philic/hydrophobic interfaces, which are commonly encoun-
tered in the fabrication of biomimetic membranes.

Ito et al. demonstrated that uniaxial orientation along the
polymer main-chain direction can be achieved using the

Fig. 6. A method to induce enzymatic polymerization using endogenous metabolites, enabling the formation of flexible and highly conductive organic
polymer gels directly within target tissues. Reprinted with permission from Ref. 112. Copyright 2023 AAAS.
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Langmuir–Blodgett (LB) technique on a heated liquid sur-
face (Fig. 8).115,116) This approach creates thermodynami-
cally favorable conditions at the air–water interface, al-
lowing nanoscale molecular aggregates to be manipulated
with micrometer- to millimeter-scale dynamics. Although
aqueous subphases are typically used, they are limited in
both usable temperature and compatible coating materials. In
this study the aqueous subphase was replaced with ethylene
glycol, enabling the fabrication of ultrathin films at tempera-
tures up to 100 °C. Ethylene glycol remains in a viscous
liquid state over a wide temperature range, which allowed
LB films of PBTTT, a benchmark semi-crystalline polymer
semiconductor, at 100 °C. The resulting PBTTT LB films
exhibited uniaxial backbone alignment and anisotropic
charge transport, yielding FETs with a turn-on voltage of
0 V, a on/off ratio exceeding 106, and negligible hysteresis.
These characteristics indicate that external factors such as
residual solvent, carrier trapping, and film inhomogeneity
have minimal impact. The high-temperature LB method thus
enables precise control of polymer backbone orientation and
can be extended to a wide range of coating materials,
including those that aggregate in water at room temperature,
by selecting appropriate non‑aqueous subphases such as
ionic liquids and diols.

More recently, Fujioka et al. reported a room‑temperature
process that aligns polymer main chain along the flow of
hydrophilic viscous liquid (Fig. 9).117) This approach mimics
the interfacial self‑organization of biomolecules and offers a
promising route for precise structure control of electronic
functional materials using low-energy processes. Three
polymeric semiconductorsーPBTTT, (poly(4,4′-bis(2-buty-
loctoxycarbonyl-[2,2′-bithiophene]-5,5-diyl)-alt-(2,2′-bithio-
phene-5,5′-diyl)), (PDCBT), and poly(3,3′′-didodecyl-
2,2″:5′,2′′:5′′,2′′′-quaterthiophene-5,5′′′-diyl) (PQT)—were
tested by dispensing their solutions onto glycerol circulating
in a circular flow within a container, forming thin films at the
air–liquid interface. To fabricate the films, a glass cylinder
filled with glycerol was rotated at 20 rpm within a circular
container. A droplet of PDCBT solution in a chloroform/
1‑chloronaphthalene mixture (the high‑boiling solvent added
to slow evaporation) was deposited onto the flowing glycerol
surface along the cylinder’s rotation path. After solvent
evaporation (~5 min), ring‑shaped films with uniaxially
aligned main chains were obtained around the cylinder,
suppressing convection effects during drying.

Polarized optical microscope and UV–vis spectroscopy
confirmed the macroscopic anisotropy and uniaxial main‑chain
orientation of the PDCBT films. FET measurements revealed

Fig. 7. Genetically targeted chemical assembly of functional materials in cells; (a) enzyme-catalyzed functional polymerization in brain (top) and
reaction of Apex2-mediated polymerization from precursor reagents containing aniline monomer-dimer mixture (bottom). Reprinted with permission
from Ref. 114. Copyright 2020 AAAS.
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Fig. 8. Fabrication of uniaxial orientation along the polymer main-chain direction using the Langmuir–Blodgett (LB) technique on a heated liquid
surface, allowing nanoscale molecular aggregates to be manipulated with micrometer- to millimeter-scale dynamics. Reprinted with permission from
Ref. 115. Copyright 2020 American Chemical Society and Ref. 116. Copyright 2022 American Chemical Society.

Fig. 9. A room‑temperature process that aligns polymer main chain along the flow of hydrophilic viscous liquid, where three polymeric
semiconductors were tested by dispensing their solutions onto glycerol circulating in a circular flow within a container, forming thin films at the air–
liquid interface.
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significantly enhanced carrier transport along the flow direc-
tion, with hole mobility in the channel‑parallel configuration
reaching 4× that of spin‑coated films. Notably, the mobility
stable even after 34 d of air storage in the dark. This circular
flow alignment method provides a simple, scalable approach to
control molecular orientation during solution processing,
where convection often disrupts alignment. By optimizing
flow path designs, the technique can be scaled up, enabling the
production of highly aligned polymeric semiconductor thin
films for a wide range of applications.

These interfacial nanoarchitectonics techniques effectively
control the orientation of polymeric semiconductor mole-
cules, which tend to aggregate within thin films. In parti-
cular, highly oriented organic semiconductor thin films
enable the fabrication of anisotropic devices. Many biopro-
cesses exhibit asymmetric, vectorial properties, such as
unidirectional electron transport.118,119) Interfacial nanoarch-
itectonics—such as the LB method described aboveーpro-
vides a powerful methodology for fabricating organic
semiconductor thin films that are compatible with such
biosystems and coupled to bioprocesses.
3.2. Doping nanoarchitectonics
Doping is an essential process that enables the functional
operation of organic semiconductors. The incorporation of
dopants into the structure of organic semiconductors can be
viewed as a form of molecular-level nanoarchitectonics,
since it involves precise control over molecular interactions
and charge transfer. Recently, bioprocesses have been
proposed as an innovative route for doping, allowing the
procedure to occur in aqueous environments under ambient
conditions. To clarify the significance and underlying
mechanism of this approach, we will first describe

conventional doping methods, followed by the discussion
of bioprocess-based doping in a later section.
3.2.1. Doping nanoarchitectonics, general. Doping of
organic semiconductors is an essential fabrication technique,
as it modulates the charge carrier density within the
semiconductor and reduces contact resistance at metal-
semiconductor interfaces. This technique is therefore widely
applied in devices such as solar cells, thermoelectric
materials, transistors, and organic light-emitting diodes
(OLEDs). Representative examples are shown below.

In recent years, molecular doping has been reported to
significantly enhance the operational characteristics of or-
ganic solar cells. Nugraha, Anthopoulos and co-workers
achieved performance enhancement in state-of-the-art OPVs
by converting the dicationic species diquat into its neutral
form and employing it as an n-type dopant [Fig. 10(a)].120)

EPR measurements confirmed the formation of free electrons
in the PM6:Y6:PC71BM ternary blend. The PCE of ternary
bulk heterojunction cells incorporating diquat increased from
16.7% to 17.4%. These improvements are attributed to
increased absorption coefficients, balanced ambipolar trans-
port, extended carrier lifetimes, and suppressed bimolecular
recombination. These findings highlight diquat as a promising
n-type dopant for realizing highly efficient stable OSCs.

n-type doping of single-walled carbon nanotubes
(SWCNTs) has also been reported. Because SWCNTs typi-
cally exhibit p-type semiconductor behavior when exposed to
air or oxygen, they are widely used as anodes in perovskite
solar cells (PSCs). Matsuo et al. proposed a simple molecular
n-type doping strategy using organophosphorus compounds to
enable SWCNTs to function as cathodes in inverted (p-i-n)
PSCs (glass/ITO/PEDOT:PSS/MAPbI3/n-doped SWCNTs:

Fig. 10. (a) Performance enhancement in state-of-the-art OPVs by converting the dicationic species diquat into its neutral form and employing it as an
n-type dopant. Reprinted with permission from Ref. 120. Copyright 2025 American Chemical Society; (b) molecular n-type doping strategy using
organophosphorus compounds to enable SWCNTs to function as cathodes in inverted (p-i-n) PSCs. Reprinted with permission from Ref. 121. Copyright
2025 Royal Society of Chemistry.
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PCBM) [Fig. 10(b)].121) Among the compounds tested, the
addition of 1,2-bis(diphenylphosphino)ethane (DPPE) to the
SWCNT electrode increased the device efficiency from 5.1%
to 8.03%. The improved stability was attributed to the
hydrophobicity of the dopant, which also acted as a moisture
scavenger, mitigating perovskite degradation. Overall, these
findings indicate a promising avenue for the flexible and
practical implementation of SWCNTs as next-generation
photovoltaic electrodes.

In thermoelectric materials, p-type doping examples have
been demonstrated. Conducting polymer thin films, which
inherently possess structural disorder, exhibit complex elec-
tronic, transport, and thermoelectric characteristics. Owing to
this disorder, the Seebeck coefficient and electrical conduc-
tivity do not exhibit a clear maximum in thermoelectric power
factor upon doping, in contrast to conventional inorganic
systems. However, Tanaka, Ito, Takenobu and co-workers
demonstrated that a semiconducting thiophene-based polymer
(PBTTT) exhibits a distinct maximum in thermoelectric
power factor when subjected to wide-range carrier doping
via an electrolyte gating technique using the ionic liquid N,N-
diethyl-N-methyl-N-(2-methoxyethyl)ammonium bis(trifluor-
omethanesulfonyl)imide ([DEME][TFSI]).122) Figure 11(a)
shows a schematic diagram of the experimental setup enabling
simultaneous measurement of the Seebeck coefficient and
electrical conductivity during carrier doping, together with a

photograph of the PBTTT thin-film transistor structure. The
power facter maximum appeared near the insulator-to-metal
transition, as confirmed by the temperature dependence of
conductivity and magnetoresistance measurements. In the
metallic regime, charge transport was found to follow the
conventional Mott relation, indicating that structural disorder
was effectively suppressed. These findings provide important
physical insights into doping nanoarchitectonics for perfor-
mance tuning of conducting polymers toward high-efficiency
polymer-based thermoelectric devices for future energy har-
vesting applications.

To further optimize doping methods and develop better
dopants, it is essential to understand the effect of dopant
counterions on the charge transport and thermoelectric
properties of semiconducting SWCNT networks. Zaumseil
et al. used ion-exchange doping to systematically vary the
size of the counterions in polymer-sorted, small- and large-
diameters semiconducting SWCNT thin films, using AuCl3
as the initial p-type dopant [Fig. 11(b)].123) They investigated
the impact of ion size on conductivity, the Seebeck coeffi-
cient, and the power factor. Larger anions were found to
significantly increase electrical conductivity, and this effect
was more pronounced in small-diameter nanotubes than in
large-diameter nanotubes. Meanwhile, the position of the
power-factor-versus-conductivity peak remained unchanged.
Semiconducting SWCNT networks thus provide an ideal

Fig. 11. (a) A schematic diagram of the experimental setup enabling simultaneous measurement of the Seebeck coefficient and electrical conductivity
during carrier doping, together with a photograph of the PBTTT thin-film transistor structure. Reprinted with permission from Ref. 122. Copyright 2020
AAAS; (b) ion-exchange doping to systematically vary the size of the counterions in polymer-sorted, small- and large-diameters semiconducting
SWCNT thin films, using AuCl3 as the initial p-type dopant. Reprinted with permission from Ref. 123. Copyright 2024 Wiley-VCH.
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model system for investigating how different dopant counter-
ions affect charge transport and thermoelectric properties in
disordered percolating semiconductors such as conjugated
polymers. These insights are expected to guide the develop-
ment of dopants and doping strategies for improving thermo-
electric materials.

We next discuss an example of contact resistance reduc-
tion between metals and OSCs. Schottky barriers at metal–
OSC interfaces often cause non-ideal transfer characteristics
in the low drain-voltage regime of OFETs. Kang, Lee, and
co-workers reduced the contact resistance in PBTTT-based
bottom-gate OFETs by selectively evaporating 2,3,5,6-tetra-
fluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) near
the contacts, enabling its solid-state diffusion (Fig. 12).124)

UPS measurements confirmed successful p-type doping,
with the Fermi-highest occupied molecular orbital
(HOMO) offset decreasing from 0.87 eV to 0.26 eV. Post-
doping optimization suppressed surface dopant diffusion
while maintaining high conductivity near electrodes, nearly
doubling transistor current at comparable gate voltages. This
molecular injection doping approach effectively addresses
contact resistance issues and enables low-power organic
electronics.

As a final example, we consider doping in OLEDs. The
application of doping in high-performance OLEDs is limited
by the challenge of p-type molecular doping of organic
materials with high ionization energies. Reineke et al.
demonstrated that hexacyanotrimethylenecyclopropane
(CN6-CP), which has an electron affinity 0.6 eV higher
than that of F4-TCNQ, can be used as a p-type dopant
when mixed with the hole-injection material 4,4′-cyclohex-
ylidenebis[N,N-bis(4-methylphenyl)benzenamine]
(TAPC).125) To investigate the dopant’s function in devices,

they fabricated green OLEDs with structure shown in
Fig. 13. Using CN6-CP-doped TAPC, a low driving voltage
of 2.92 V at a practical luminance of 1000 cd m−2 and
3.18 V at a current density of 10 mA cm−2 was achieved.
These results demonstrate that dopant has great potential for
future applications in organic optoelectronic devices, in-
cluding both monochrome and white OLEDs.

Given the many potential applications of doped organic
semiconductors, it would be highly desirable to perform
doping under ambient conditions, such as in air or aqueous
solution.
3.2.2. Proton-coupled electron transfer (PCET) driven
nanoarchitectonics for aqueous doping. Among the
doping methods for organic semiconductors, chemical
doping via redox reactions relies on electron transfer
between the semiconductor and dopant molecules.
Conventional solution-based chemical doping requires inert
atmospheres and organic solvents to prevent unwanted side
reactions with oxygen and water, hindering scalability. Since
certain devices require chemical doping for optimal perfor-
mance, doping method under ambient conditions are essen-
tial for large-scale fabrication. Recently, Ishii, Yamashita
and co-workers achieved such doping through pH-controlled
preventing unwanted redox reactions with water/oxygen.126)

This approach harnesses PCET—a bio-inspired mechanism
—for precise doping control (Fig. 14). Below, we detail
PCET principles, mechanisms, applications, and prospects.
PCET represents a core mechanism in biological energy
conversion and enzymatic reactions, involving the concerted
or sequential transfer of protons and electrons. In biological
systems—operating under ambient aqueous conditions—
PCET plays a critical role in photosynthesis, cellular
respiration, enzymatic catalysis, and ATP synthesis. By

Fig. 12. Reduction of contact resistance in PBTTT-based bottom-gate OFETs by selectively evaporating 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodi-
methane (F4-TCNQ) near the contacts, enabling its solid-state diffusion, where post-doping optimization suppressed surface dopant diffusion while
maintaining high conductivity near electrodes, nearly doubling transistor current at comparable gate voltages. Reprinted with permission from Ref. 124.
Copyright 2019 Wiley-VCH.
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integrating PCET into organic semiconductor chemistry, air-
and aqueous-compatible chemical doping becomes feasible.
A key advantage of PCET lies in its Nernstian response,
enabling precise control of redox potentials via proton
activity—a parameter adjustable over more than 10 orders
of magnitude. In this paper’s system, they utilize the two-
electron, two-proton PCET reactions of the benzoquinone/
hydroquinone (BQ/HQ) redox couple to control p-type
doping efficiency in aqueous solution. Indeed, decreasing
solution pH systematically increases electrical conductivity,
confirming effective doping.

The assumed mechanism of this doping process is
proposed as follows. Hole injection into the organic semi-
conductor proceeds via the pH-dependent PCET reaction of
BQ/HQ. Dopant anions then intercalate into the organic
semiconductor thin film, compensating the injected holes.
These processes occur either sequentially or concertedly,
enabling anion species Y− doping into PBTTT films without
compromising crystallinity. The synergistic interplay be-
tween PCET and anion intercalation allows optimization of
doping efficiency, stability, and electronic properties through
rational dopant anion selection. Notably, conductivity mea-
surements demonstrate highly efficient p-type doping only
when both BQ and dopant salts are present. PBTTT films
achieved conductivities as high as ~180 S cm−1 when
combined with LiNFSI. Using large, non-nucleophilic anions
further enhances air-stability of the p-doped films.

Doping with PCET has also been successfully applied to
other systems. Rodríguez-Martínez et al. demonstrated that
PCET using BQ as the oxidant and lithium bis(trifluoro-
methylsulfonyl)imide (Li-TFSI) as the counterion is highly
suitable for p-type doping of polymer-sorted semiconducting
SWCNT networks (Fig. 15).127) The doping level can be
precisely tuned by pH, enabling optimization to the power
factor peak position. For narrow-bandgap SWCNTs, PCET
doping achieves thermoelectric power factors equivalent to
conventional methods. Moreover, PCET-doped SWNTs
exhibit superior long-term stability, maintaining electrical
conductivity for at least 5 d in air—significantly outper-
forming three other methods, including AuCl3-based ion-
exchange doping. These results confirm PCET as a key

technique for p-type doping of flexible, high-performance
semiconducting SWNT networks in thermoelectric applica-
tions.

This PCET-based chemical doping method offers unpre-
cedented controllability, stability, scalability, and versatility
across diverse structures through simple solution processing.
It unlocks diverse possibilities for advanced organic semi-
conductor devices. The demonstrated PCET route will
accelerate manufacturing of high-performance, reliable de-
vices, including sensors and bioelectronics. Compared to
conventional vacuum- or inert-atmosphere-based methods in
organic solvents, this doping nanoarchitectonics approach
exhibits superior scalability, stability, and tunability. As a
room-temperature semiconductor process and platform for
biomolecular electronics, it holds immense potential for
next-generation flexible electronics and beyond.
3.2.3. Bio-pathway nanoarchitectonics for sugar
redox driven doping. For n-type chemical doping, the
HOMO of the reductant must be shallower than the
semiconductor’s lowest unoccupied molecular orbital
(~−4.0 eV versus vacuum).128) However, shallow-HOMO
reductants are readily deactivated by dissolved oxygen (O2:
−5.26 eV versus vacuum),129) making n-type doping more
challenging than p-type. While strong, moderately stable n-
type doping has been achieved in gloveboxes using dimer
dopants,130) catalytic reactions,131) and ion-exchange
methods,132,133) ambient n-type doping remains unreported.
Recently, Ohashi, Yamashita and co-workers achieved n-
type doping of organic semiconductors using a biochemical
pathway (Fig. 16).134) This study employs a reductant with
sufficient reducing power and stability in air, paired with
redox mediators to efficiently extract electrons. Redox
reactions mediated by such mediators are ubiquitous in
biology. Bio-mimetic strategies thus enables redox potential
control while suppressing oxygen-induced degradation.

A polymer thin film of PNDI(2HD)T—comprising
naphthalene-1,4:5,8-bis(dicarboximide) (NDI) with branched
alkyl chains and thiophene units—employed as the organic
semiconductor. This polymer semiconductor thin film was
then immersed in an aqueous doping solution containing
fructose, flavin mononucleotide (FMN) and bulky molecular

Fig. 13. Investigation on the dopant’s function in devices using green OLEDs. Reprinted with permission from Ref. 125. Copyright 2019 American
Chemical Society.

040106-14
© 2026 The Author(s). Published on behalf of

The Japan Society of Applied Physics by IOP Publishing Ltd

Appl. Phys. Express 19, 040106 (2026) APEX REVIEW



cations. During this process, electrons were transferred
from the fructose to the FMN, and then from the FMN to
the organic semiconductor thin film. These electrons were
compensated for by introducing bulky molecular cations
into the thin film, which were selected to improve the
stability and transport properties of the carriers. This
process increased the conductivity of the thin film from
less than 10−9 S cm−1 to 4× 10−4 S cm−1, confirming
successful n-type doping. While fructose provides environ-
mental stability through slow redox kinetics, its reducing
capability is limited. Using an FMN redox mediator
accelerated the redox reaction rate and achieves n-type
doping. The doped organic semiconductor thin films
exhibited conductivities exceeding 10−3 S cm−1 at room
temperature, as well as long lifetimes in air. Owing to the
thermal stability of the material, facile thin-film encapsula-
tion realized a lifetime of 25 h at 100 °C in air, which is

remarkable considering the shallow IP of around 3.8 eV for
the doped PNDI(2HD)T.

Solution processing of organic semiconductors enables
convenient fabrication of doped thin films, paving the way
for printed electronics. This study demonstrates that n-type
doping—previously confined to glovebox conditions—can
now be achieved under ambient conditions using aqueous
solutions. These results suggest that room-temperature p-
and n-type doping will enable advanced organic devices for
thermoelectric generators, and stable low-work-function
electron transport layers. Moreover, the observed biomole-
cule-semiconductor electron transfer opens up new avenues
for energy storage, transfer, and conversion.

This system represents a breakthrough by achieving n-type
doping of organic semiconductors under ambient aqueous
conditions. It is equally groundbreaking by incorporating
biologically ubiquitous processes, such as sugar redox

Fig. 14. Doping of organic semiconductor films through proton-coupled electron transfer (PCET) in which the two-electron, two-proton PCET
reactions of the benzoquinone/hydroquinone (BQ/HQ) redox couple to control p-type doping efficiency in aqueous solution.

Fig. 15. PCET-based doping of polymer-sorted semiconducting SWCNT networks using BQ as the oxidant and lithium bis(trifluoromethylsulfonyl)
imide (Li-TFSI) as the counterion. Reproduced under terms of the CC-BY license Ref. 127. 2025 Wiley-VCH.
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reactions and coenzyme mediators. Continued progress
could enable seamless integration of any bioprocess into
organic semiconductor devices.
3.3. Natural molecules for electrode work function
engineering and device stabilization
Biomolecules have also been explored as functional compo-
nents for improving the stability and environmental compat-
ibility of organic semiconductor devices. For example,
Akaike et al. reported that the adsorption of caffeic acid, a
polar phenylpropanoid biosynthesized by plants, universally
increases the work function of metal electrodes.135) The
formation of a dipole layer arising from the oriented
adsorption of caffeic acid molecules leads to a work function
increase of up to 0.7 eV, enabling effective tuning of the hole
injection barrier in organic electronic devices. As a result,
monolayer devices incorporating a caffeic acid interlayer
exhibited hole injection currents that were 101–102 larger
under forward bias. These results highlight the potential of
naturally occurring molecules as interfacial modifiers for
controlling the electronic properties of organic semicon-
ductor devices.

Biomolecules can also play an important role in stabilizing
air-sensitive organic semiconductors. The development of
n-type organic semiconductors has long been hindered by
their susceptibility to degradation by oxygen and water. Li,
Hu and co-workers demonstrated that vitamin C can act
as an effective stabilizing agent for n-type organic
semiconductors.136) Vitamin C functions as a reactive
oxygen species scavenger through a cascade process invol-
ving sacrificial oxidation and triplet quenching, thereby
suppressing oxidative damage and reducing electron trap-
ping. When applied to OFETs, this strategy significantly
improved both device performance and operational stability
(Fig. 17). Such bio-inspired stabilization strategies may
provide a general route for improving the stability of a
wide range of organic electronic materials, including con-
ducting polymers, light-emitting materials, and other emer-
ging semiconductors.

These examples demonstrate that naturally derived mole-
cules can serve not only as environmentally benign compo-
nents but also as functional elements for controlling elec-
tronic processes in organic devices. The incorporation of

biomolecules into organic semiconductor systems may there-
fore contribute to the development of sustainable and
biocompatible electronic technologies.

4. Future perspectives

Drawing on the concept of nanoarchitectonics—the con-
struction of functional systems from atoms and molecules—
this review highlights recent advances in integrating organic
semiconductors with bioprocesses. Although research in this
area remains relatively young, the examples discussed here
demonstrate the considerable potential of organic semicon-
ductors to interact with biomolecular systems and to serve as
platforms for bio-integrated electronic devices.

Biosensors represent a particularly important intersection
between organic semiconductor devices and biological
processes. Organic semiconductors have been shown to
detect a wide range of biomolecules, from small biomole-
cules to large biomacromolecules, illustrating their versati-
lity as sensing platforms. In addition, strategies such as the
formation of conducting polymers within living organisms
provide a promising route toward direct integration of
biological systems with electronic functionality. Interfacial
nanoarchitectonics, including improved LB approaches and
controlled molecular alignment in thin films, offers powerful
tools for constructing well-defined organic semiconductor
structures compatible with biological environments.

Doping remains a central process for enabling the func-
tionality of organic semiconductors. However, conventional
chemical doping often requires inert atmospheres and
organic solvents, limiting practical scalability. Bio-inspired
approaches offer attractive alternatives. Processes such as
PCET, which are ubiquitous in biological energy conversion
systems, may enable efficient p-type doping under ambient
or aqueous conditions. Similarly, bio-based strategies for n-
type doping, including sugar which is stable reducing agents
in air and redox mediation, demonstrate how biological
concepts can expand the operational environment of organic
semiconductors.

The combination of organic semiconductors with biopro-
cesses opens new opportunities for applications ranging from
biosensing to wearable and implantable electronics. Owing
to their mechanical flexibility, light weight, and

Fig. 16. A biochemical pathway of n-type doping of organic semiconductors using flavin mononucleotide (FMN), where electrons are transferred
from the fructose to the FMN, then from the FMN to the organic semiconductor thin film, and electrons were compensated for by introducing bulky
molecular cations into the thin film.
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biocompatibility, organic semiconductor devices are well
suited for seamless integration with biological interfaces. In
the context of an increasingly connected IoT society, such
devices could function as low-cost, flexible sensors capable
of continuous physiological monitoring in healthcare and
daily life.

Ultimately, the precise control over nanoscale structures
will be essential for realizing the full potential of these
systems. Highly controlled molecular structures not only
give rise to biological functions but also suppress the
formation of trap states, which pose a critical challenge to
the practical implementation of organic semiconductor
devices. In this context, nanoarchitectonics provides a
powerful framework for the design and application of next-
generation organic semiconductor biointerfaces. Continued
exploration at the intersection of materials science, electro-
nics, and biology is expected to drive the development of
advanced organic semiconductor biodevices with significant
technological and societal impact.

If we further consider key real-world implementation
challenges in practical usages, more fundamental matters
becomes crucial. It is essential to focus on improving
fundamental performance tailored to practical applications,
such as long-term and operational stability, resistance to
various environments—including underwater conditions—
and cost-effectiveness that allows for single-use disposal.
For example, steady researches are underway on topics such
as the selection of organic semiconductors and dopants with
appropriate film constructions to achieve long-term
stability137) and operational stability.138) Furthermore, by
developing devices that operate at the single-molecule-layer
level, the amount of material used can be drastically reduced,
thereby alleviating cost concerns. In short, while pursuing
cutting-edge research is important, thoroughly investigating
fundamental aspects such as stability may be the major
challenge that paves the way for realistic applications.
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