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Abstract
Wearable biosensors have received great interest as patient-friendly diagnostic technologies because of their high flexibility
and conformability. The growing research and utilization of novel materials in designing wearable biosensors have acceler-
ated the development of point-of-care sensing platforms and implantable biomedical devices in human health care. Among
numerous potential materials, conjugated polymers (CPs) are emerging as ideal choices for constructing high-performance
wearable biosensors because of their outstanding conductive and mechanical properties. Recently, CPs have been extensively
incorporated into various wearable biosensors to monitor a range of target biomolecules. However, fabricating highly reliable
CP-based wearable biosensors for practical applications remains a significant challenge, necessitating novel developmental
strategies for enhancing the viability of such biosensors. Accordingly, this review aims to provide consolidated scientific
evidence by summarizing and evaluating recent studies focused on designing and fabricating CP-based wearable biosensors,
thereby facilitating future research. Emphasizing the superior properties and benefits of CPs, this review aims to clarify their
potential applicability within this field. Furthermore, the fundamentals andmain components of CP-basedwearable biosensors
and their sensing mechanisms are discussed in detail. The recent advancements in CP nanostructures and hybridizations for
improved sensing performance, along with recent innovations in next-generation wearable biosensors are highlighted. CP-
based wearable biosensors have been—and will continue to be—an ideal platform for developing effective and user-friendly
diagnostic technologies for human health monitoring.
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Introduction

Wearable biosensors have garnered significant interest as an
ideal platform for designing forthcoming wearable devices.
Such devices aim to enable real-time and continuous mon-
itoring of human health conditions, physical activities, and
diseases owing to their exceptional flexibility and conforma-
bility [1]. The active channel, which houses novel materials
or electrical components, plays a significant role in the
sensing performance and practical applicability of wearable
biosensors. Numerous inorganic and organic nanomaterials
have been used to fabricate these channels in flexible and
wearable electronic biosensors [2]. While inorganic mate-
rials, such as metal- and metal-oxide-based materials, have
been used to prepare flexible and wearable biosensors, their

limited flexibility, elasticity, and stretchability hinder devel-
opment of high-performance biosensors [3]. In contrast,
organic materials, especially polymer-based materials, are
now favored for constructingwearable biosensors due to their
robust mechanical features, low weight, and nontoxicity [4].
Conjugated polymers (CPs), a unique polymer class with
similar electrical and optical properties to inorganic semicon-
ductors and metals, show promise in various biomedical and
biosensing applications [5–8]. CPs enhance biocompatibil-
ity, stability, sensitivity, and response speed in biosensors due
to their superior mechanical properties and electrical charge
characteristics [9]. Furthermore, CPs with good processabil-
ity can form ultrathin films using simple solution processing
techniques and be shaped into desired micro- or nanostruc-
tures via printing techniques [10, 11]. Hence, CP ultrathin
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films boasting highly conductive and mechanically flexible
properties emerge as idealmaterials for preparing highlyflex-
ible and stretchable electrodes in wearable biosensors [12,
13].

CPs have found extensive use in designing diverse wear-
able biosensors for detecting various target biomolecules
[14]. However, several key challenges persist in creat-
ing CP-based wearable biosensors, including (i) ensuring
mechanical flexibility and stretchability of active channel
electrodes, (ii) employing effective technologies for immo-
bilizing probes onto the active channel surface, and (iii)
integrating miniaturization techniques for low-cost large-
scale production. Moreover, developing highly sensitive and
reliable CP-based wearable sensor systems for practical
applications on or within the human body remains a substan-
tial challenge due to stringent standards and requirements.
Consequently, efforts to expand the use of CP-based wear-
able biosensors have increasingly focused on the discovery
and implementation of novel components and technologies.
These efforts aim to improve electrical properties, stretcha-
bility, and environmental stability, as well as provide rapid
self-healing, biocompatibility, and biodegradability [8].

Consolidating existing scientific evidence regarding dif-
ferent CPs’ development and applicability in constructing
flexible and wearable biosensors is essential to promote
future research in this field. Numerous comprehensive
reviews have been reported on CP applications in vari-
ous biomedical fields, such as electrochemical biosensors
[14–17], fluorescent and colorimetric biosensors [18], smart
biomaterials for tissue engineering [5, 19], biomedical sens-
ing devices [5, 12, 20, 21], health monitoring [22], nerve
tissue engineering [23], neural prosthetic and interface appli-
cations [24], flexible electronics [2], and wearable devices
[25]. Moreover, recent advances in CP synthesis and proper-
ties [26], as well as strategies to control their morphologies
and structures, such as single crystals, nanowires (NWs), nan-
otubes (NTs) [27, 28], and nanofibers (NFs) [29–32], have
been documented. Although comprehensive studies have
summarized state-of-the-art research on wearable biosensors
[25, 33, 34], none have focused specifically on recent CP
nanostructures, their unique properties, and the latest inno-
vations.

Understanding the crucial properties, emerging trends,
and potential future directions of CPs is critical for the
effective design and implementation of CP-based wearable
biosensors. Hence, this review provides a critical overview
of recent research in this field. In particular, the fascinating
characteristics and advantages of CPs are introduced, clarify-
ing their potential and applicability in wearable biosensors.
The fundamental components of CP-based wearable biosen-
sors, including their workingmechanisms, are also described
and discussed. In addition, recent advances in the synthesis
and production of CP nanostructures and their hybridization

for improved sensing performance are summarized. Finally,
this review presents recent innovations in next-generation
wearable biosensors, including self-powered, smart, wear-
able, and implantable biosensors. The main contents of this
review are presented in Scheme 1.

Conjugated polymers and their properties
for use in wearable biosensors

Traditional polymers often comprise saturated chain struc-
tures within their backbone, resulting in electrical insulation.
They are widely used in practical applications due to their
mechanical and thermal properties. In contrast, CPs are char-
acterized by having conjugated bond structures and repeating
chemical units with delocalized π-electron systems. They
can be constructed from aromatic, olefinic, or acetylenic
repeat units [35]. CPs have multiple domains of mobile
π-electrons, making them effective chromophores and “elec-
trophores.” The π-conjugated backbones in CPs, such as
polythiophene (PT), polyacetylene (PA), polyfluorene, or
polypyrrole (PPy), enable intrachain or interchain charge
transport along or between the chains via π-orbital overlap
[36]. CP molecules generally exhibit two different phases:
crystalline and amorphous. The crystalline phase allows for
extended charge transport owing to well-ordered chains,
whereas the amorphous phase induces charge transport spo-
radically through occasional π-orbital overlaps between tie,
“looping,” and “extending” chains [37]. Consequently, the
charge transport properties of CPs highly depend on the
interplay between the structure and dynamics within these
two phases. To increase solubility and solution processing,
flexible side chains are often incorporated into CP struc-
tures. Particularly, donor–acceptor CPs consist of alternating
donor–acceptor conjugated monomeric units along the back-
bone [38]. CPs can be classified into three categories based
on their structural characteristics and conducting mecha-
nism: electron CPs, ionic CPs, and redox CPs. Among these,
electron CPs, characterized by free electrons as the primary
carriers, are the most prevalent due to intriguing character-
istics arising from delocalized electrons caused by a long
π-conjugated system in theirmolecular structure. The charge
transport features of CPs are influenced by factors such as
polymer chain length (molecular weight), terminal groups,
monomer unit sequence, and electron-deficient/rich chemi-
cal structures [39].

With their π-electron backbones and alternating single
and double bonds along the polymer chain, CPs exhibit
outstanding electronic properties. These include electrical
conductivity, low-energy optical transitions, low ionization
potential, and high electron affinity [15], making them highly
appealing for designing wearable devices for chemical and
biochemical sensors. CPs have been widely employed to
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Scheme 1 A schematic summary of the main contents presented and discussed in this review
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enhance the electrical sensitivity, selectivity, and stability
of wearable biosensing devices and their interfaces with
biological tissues [40]. They offer key properties such as
flexibility, lowweight, biocompatibility,morphological char-
acteristics, and high electronic conductivity, therebymeeting
the requirements for designing wearable biosensor devices
[41].

Presently, various CPs have been successfully synthe-
sized and applied across diverse fields. Among them,
PA, PT, poly(3,4-ethylenedioxythiophene) (PEDOT), PPy,
polyphenylene, and polyaniline (PANI) are the most widely
used in biomedical implementations, biosensing device con-
struction, and human organ development [5]. Each CP
demonstrates different charge transport properties, electron
conductivity, and mechanical and optical characteristics.
Comprehensive summaries and reviews regarding the prop-
erties and synthetic processes of these polymers are available
in prior reviews [5, 26, 42]. The choice of appropriate CPs
depends on specific application requirements. Therefore, this
section discusses the vital properties of CPs for designing
and constructing wearable biosensors, including conduc-
tivity, biocompatibility, mechanical stability, flexibility and
stretchability, solution-phase processability, andoptical char-
acteristics.

Conductivity

Due to their conjugated backbone, CPs possess a series of
alternating single and double bonds with chemically strong,
localized σ-bonds (Fig. 1a) [21]. Additionally, CPs have
weakly localized π-bonds, and the p-orbitals in these π-
bonds may overlap with each other, facilitating electron
delocalization and free movement between the atoms [43,
44]. Consequently, CPs can conduct charges owing to the free
movement of delocalized π-electrons within the unsaturated
backbone, generating electrical pathways [5, 23]. However,
pristine CPs without doping are generally not conductive,
with the doping process playing an important role in achiev-
ing a highly conductive state [45]. This doping process
involves a redox reaction in which pristine or neutral CPs are
either oxidized (p-type dopant) or reduced (n-type dopant)
by potent oxidizing or reducing agents [46, 47]. Depending
on the polarity, dopants remove or insert electrons into the
CP chain, subsequently relocalizing as polarons or bipolaris
(Fig. 1b) [19]. After doping, an excess or defect of electrons
is induced within the main polymer chain, while the conju-
gation of the double bonds of the CP chains remains more
stable. This enables the displacement of π-electrons along
the polymer chain, facilitating electron flow and generating
a charge carrier, thereby enhancing CP conductivity [20].
In addition to the dopant type, concentration, and duration,
CP conductivity is influenced by polaron length, conjugation
length, and overall chain length.

Oxidation stands as the most common and effective
approach for doping CPs. This method embeds anions into
CPs and creates additional positive charge carriers (i.e.,
holes), resulting in p-typeCPs. It is highly efficient in increas-
ing the electrical conductivity ofCPs, even at very lowdopant
concentrations (<1%). Generally, undoped CPs are semicon-
ductors or insulators with a wide bandgap energy (>2 eV)
and low electrical conductivity (ranging from 10−10 to 10−8

S/cm), as shown in Fig. 1c [25]. After oxidation, the electrical
conductivity of CPs markedly increases, with values ranging
from102 to 105 S/cm.Notably, the conductivity of dopedCPs
can rival that of common inorganic semiconductors (such
as silicon and germanium) or well-known conductors such
as graphite and carbon black [48]. In particular, Cho et al.
reported a doped PEDOT with exceptionally high electri-
cal conductivity, nearing the metallic regime, exceeding 8×
105 S/m [49]. This metallic behavior is contingent on tightly
packed, ordered polymer chains and crystallites (metallic
bundles or grains), often resulting from reduced disorder.
Due to these metal-like and controllable conductivity prop-
erties, CPs have garnered substantial attention for biosensor
device development [47]. Recently, the development of CP
composites has emerged as a promising approach to fur-
ther improve CP conductivity. These composites blend the
CP matrix with highly conductive fillers, including organic
nanomaterials, metals and metal oxides, carbon materials,
and other CPs [50]. The inclusion of these conductive fillers
significantly enhances electrical properties like conductiv-
ity and charge transport. Moreover, the conductivity of CP
composites can be controlled and tailored by varying filler
volume content. The combination and synergistic interac-
tion between inorganic materials and CPs play a crucial role
in enhancing the performance of composites, providing a
conducting backbone, electrical conductivity, and improved
mechanical properties [51].

Biocompatibility

Biocompatibility is a critical concern for applications in
bioelectronics and wearable devices [52]. It refers to the
ability of materials or devices to maintain their structures
or desired functions without eliciting harmful host responses
[53]. Materials must satisfy two main requirements for use
in wearable biosensor devices: (i) stability under the human
body environment and (ii) nonharmful effects on tissues,
organs, or systems [54]. Assessing CPs for biocompatibil-
ity involves in vitro and in vivo tests in contact with cells,
tissue, and/or the whole body. In various biomedical appli-
cations, CPs like PPy, PANI, polythiophene (PTh), PEDOT,
and polyethyleneimine (PEI) have exhibited considerable
advancements in biocompatibility. Over the past decades,
studies have demonstrated that many CPs support the growth
of various human cell types [55, 56]. Additionally, their
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Fig. 1 a Schematic illustration of a conjugated polymer (CP) back-
bone with alternating single and double bonds containing σ and
π bonds. b Doping process and electronic conductivity of CP.
Reproduced from Ref. [19], Copyright 2014, with permission from
Acta Materialia Inc. c Conductivity range of the CPs. Reproduced

from Ref. [48], Copyright 2015, with permission from the authors,
licensed under CC BY 3.0. d Biocompatibility (cell proliferation) of
poly(3,4-ethylenedioxythiophene) (PEDOT) thin-film-based bioelec-
tronic devices (scale bar: 50μm).Reproduced fromRef. [76],Copyright
2022, with permission from the authors, licensed under CC BY 4.0

biocompatibility can be enhanced by interacting with or
incorporating biocompatible molecules, segments, and side
chains [57].

Among themost commonly usedCPs in biomedical appli-
cations, PPy, PANI, and their composites have shown good
biocompatibility in both in vitro cell and in vivo animal mod-
els according to ISO 10,993 standards [58–60]. Moreover,
they have exhibited high support for the growth, adhesion,

and differentiation of various cells [61], such as bone [62],
neural [63], rat pheochromocytoma [43], endothelial cells
[62], fibroblasts [64], and stem cells [65]. For example,
PPy has been established to be noncytotoxic for various
cell types with a low inflammatory response, minimal tis-
sue response, and no long-term effect in both animal models
and human tissues [66]. In a study by Fahlgren et al., dode-
cylbenzenesulfonate (DBS)-doped PPy exhibited excellent
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biocompatibilitywith humanprimary osteoblasts, preserving
cell morphology and number, as well as promoting osteo-
calcin gene expression and alkaline phosphatase activity
[67]. This finding suggests that DBS-doped CPs are well
tolerated by osteoblasts. Concerning PANI, there has been
some controversy regarding its biocompatibility [54, 68],
but recent studies have demonstrated its good in vitro and
in vivo biocompatibility with different cell lines and live
models in implanted applications [69–71]. Humpolíček’s
group recently conducted a study comparing the biocompati-
bility between PPy and PANI based on ISO 10,993 standards
[59]. Their results indicated that PPy and PANI had similar
biocompatibility in terms of cytotoxicity and embryotoxic-
ity, suggesting their potential use in biomedical applications.
The in vitro and in vivo biocompatibility of PEDOT and
its derivatives have also been investigated and found suit-
able for bioelectronic applications [72–75]. Most recently,
Lehane et al. demonstrated the superior biocompatibility of
PEDOT thin films, suggesting their potential use as bioscaf-
folds in transistor sensing devices and medical applications
[76]. Their study highlighted marked improvements in cell
proliferation and cell spreading in the presence of PEDOT
thin films (Fig. 1d). Less common CPs have also shown
promising biocompatibility in various studies concerning
implantable medical devices, sensory devices, or prosthetic
skins, allowing direct interfacing with living tissue [77]. In
vitro cell culture experiments or cell viability measurements
have shown negligible to no effects on various cell types.

The biocompatibility of various CP composites has been
confirmed, enhancing biocompatible performance alongside
other features. Biopolymers integrated into CP composites
act as dopants, boosting conductivity, stability, adhesion, and
processability, while also interacting with CPs to achieve
heightened biocompatibility [78]. Electroactive composites
with improved biocompatibility have been obtained through
the adsorption and entrapment of CPs into synthetic and nat-
ural biopolymer matrices [79]. Pairing various CPs (such as
PANI, PPy, andPEDOT)with diverse biopolymers, including
cellulose, chitosan, hyaluronic acid, and gelatin, has emerged
as an effective approach for repairing injured nerve cells and
facilitating nerve cell regeneration [24, 80, 81]. For instance,
Huang et al. reported that the PEDOT–chitin composite,
formed by electrostatic interaction between the positively
charged amino groups in chitin and the negatively charged
PEDOT, facilitated cell adhesion and proliferation owing to
its favorable porous structure [82].

Mechanical stability, flexibility, and stretchability

The development of biosensors and wearable devices for
biomedical applications, such as artificial skins, epider-
mal sensors, and human–machine interfaces, necessitates
materials with high mechanical stability and stretchability

[83, 84]. Apart from high electrical conductivity and good
biocompatibility, CPs have demonstrated great mechanical
flexibility, thus attracting significant attention in the design of
stretchablematerials [73]. Polymer-basedmaterials typically
possess high flexibility due to the potential for spontaneous
changes in their conformations among single bonds. How-
ever, CPs exhibit lower flexibility than flexible polymers
due to their conjugated structure, albeit still surpassing the
flexibility of common inorganic materials [85]. The mechan-
ical properties of CPs depend on three basic factors: (i)
conformational entropy, (ii) barrier to internal rotation, and
(iii) polymeric segmental length. These factors are identi-
fied based on their chemical structure, molecular weight, and
morphology [86–88]. Moreover, deposition techniques and
processing parameters significantly influence CPs’ mechan-
ical properties [89].

Although CPs boast high mechanical flexibility and can
be used in electronic textiles and bioelectronics, their stretch-
ability at room temperature is limited due to the rigid
conjugated backbone and strong cation–anion interactions.
At room temperature, CPs exhibit less than 10% elonga-
tion at break. Therefore, it is essential to develop potential
strategies to enhance CPs’ mechanical stability and elon-
gation. Several successful approaches have recently been
developed [90]. One approach involves forming CP com-
posites by blending CPs with soft polymers or elastomers,
significantly enhancing the stretchability and stability of CP-
based films [91, 92]. For instance, Chen et al. reported a
homogenous composite of PPy and an elastomer (polyethy-
lene glycol and 2-ureido-4[1H]-pyrimidinone, PEG-UPy),
which displays excellent mechanical strength (0.72 MPa)
with elongation (over 300%), as shown in Fig. 2a [93]. These
composites also showcased rapid self-healing under ambient
conditions due to the quadruple hydrogen-bonding groups in
the elastomer.

Another method to enhance the stretchability of CPs
is plasticization, employing plasticizers such as Zonyl,
Triton, co-solvents, surfactants, and ionic additives [94,
95]. A notable example is a highly stretchable and con-
ductive PEDOT film with high cycling stability, which
was prepared by incorporating ionic additives as stretch-
ability and electrical conductivity (STEC) enhancers
(Fig. 2b) [96]. This approach used four effective STEC
enhancers, namely sodium dodecylbenzenesulfonate,
dioctyl sulfosuccinate sodium salt, dodecylbenzenesul-
fonic acid, and ionic liquids. Moreover, the authors noted
that the enhancers should demonstrate good solubility
(in water and CP matrix) and contain numerous acidic
anions to achieve high efficiency in terms of conductivity
and stretchability. Thanks to the STEC enhancers, the
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) films exhibited both high conductivity (4100
S/cm) and stretchability (>100% strain).
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Fig. 2 a Polypyrrole (PPy) composites with the polyethylene gly-
col and 5 mol % 2-ureido-4[1H]-pyrimidinone (UPy), referred as
(PEG–5UPy) elastomer: (a1) stress–strain curves of composites with
different PPy concentrations; (a2) optical images of 7.5% (mass
fraction) PPy composite before and after stretching; (a3) com-
plete self-healing and sustaining strength; (a4) typical stress−strain
curves of the original and self-healed PPy composites. Repro-
duced from Ref. [93], Copyright 2019, with permission from the
American Chemical Society. b Plasticization method: (b1) chemical

structures of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) and representative stretchability and electrical con-
ductivity (STEC) enhancers; (b2) schematic of the morphology of
PEDOT:PSS film and a stretchable PEDOT film with STEC enhancers;
(b3) optical image of a freestanding and stretched PEDOT/STEC
film; (b4, b5) stress–strain and strain cycling behavior of freestand-
ing PEDOT/STEC films. Reproduced from Ref. [96], Copyright 2017,
with permission from the authors, licensed under CC BY-NC
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Recently, novel methods for creating CPs with high
mechanical ductility and tensile strength have attracted sig-
nificant interest [90].While the two aforementionedmethods
can improve CP ductility, they often induce a significant
reduction in ultimate tensile strength [97]. To address this
issue, salt-induced ductilization methods were developed.
This approach involves posttreatment of CP films using vari-
ous salts likeNaClO4,NaCl,NH4Cl, andCuCl2. This process
is thought to be associated with the lattice energy and hydra-
tion energy of the salts. Notably,NaClO4 is themost common
salt that induces the greatest increase in the ductilization
effect. He et al. fabricated a highly conductive PEDOT:PSS
film and ductilized it usingNaClO4 [90]. After NaClO4 treat-
ment, the elongation at the break of the PEDOT:PSS film
notably increased from 8.5% to 53.2%while retaining a good
tensile strength of 21.8 MPa. In summary, most CPs possess
good flexibility, and their stretchability can bemodulated and
enhanced by several simple techniques, making them suit-
able for the design and development of flexible and wearable
biosensors.

Solution-phase processability

In recent decades, printed organic electronics have garnered
considerable attention for the design and fabrication of large-
scale, low-cost electronic devices in biomedical applications
[98]. Most CPs are likely to be easily processed into smooth,
uniform, and robust thin films on diverse flexible sub-
strates from solutions [99]. This endows the CPs with good
solution processability, making them suitable for printing
processes and potentially enabling large-scale manufactur-
ing [100]. Furthermore, the solution-phase processability of
CPs onto flexible substrates stands out as a primary advan-
tage in fabricating flexible and stretchable devices, a feat that
inorganic-based devices relying on high-temperature melt
processing or chemical vapor deposition struggle to match
[31]. Because of their easy solution-phase processing, CPs
have become promising candidates for the development of
low-cost, flexible, and printed plastic electronics for wear-
able biosensors.

Regarding the deposition of CP thin films, an array
of solution-based techniques has been introduced. Among
them, the spin coating method is widely adapted on a
small scale due to its simplicity and availability [89]. How-
ever, spin coating has several major disadvantages, such as
material waste, batch-scale production, and poor thin-film
properties (heterogeneity, high thickness, and uncontrollable
morphology), limiting its application in large-scale indus-
tries. Recently, meniscus-guided deposition (MGD)methods
have attracted attention as effective solution-phase process-
ing techniques for crafting flexible and wearable biosen-
sors. These techniques offer distinct advantages, including
simplicity, efficiency, low cost, and precisely controllable

morphologies [101]. In principle, these techniques inject CP
solutions into the gap between the coating head and the flex-
ible substrate, forming a meniscus (the interface between
the CP solution and air) that connects the two components
through a capillary force [102]. Next, the CP solution is
completely coated on the substrate by linearly translating
either the substrate or the coating tool [31, 103]. Vari-
ous MGD methods, including dip coating, blade coating,
solution shearing, slot die coating, bar coating, hollow pen
writing, and zone casting, have commonly been used for
preparing electronic biosensing devices (Fig. 3a) [104–106].
Due to their inherent directionality, the MGD techniques
can further induce several outstanding properties: (i) molec-
ular alignment and production of oriented CP crystalline
films with large grain size; (ii) potential for continuous
and high-throughput roll-to-roll processing; and (iii) opti-
mization of CP material utilization [107]. However, the CP
thin-film morphology prepared by the MGD techniques is
highly dependent on solvent properties and substrate types
due to the complexity of the crystallization process of CP
molecules in the solution phase [30]. Therefore, controlling
and modulating CP film morphologies, such as thickness,
porous structures, grain size/shape, surface area, and molec-
ular packing, remain challenges during the MGD process
[104].

In addition toMGDmethods, printing techniques serve as
potential solution-phase processing methods for depositing
CP thin films [30]. In comparison with inorganic semicon-
ductors, CPs have shown full and better compatibility with
various printing techniques like inkjet printing and spray
printing, ensuring high-throughput production of CP thin
films on various substrates with cost-effectiveness and qual-
ity [108]. Inkjet printing uses a dispensing unit (a jet) to eject
and deposit a tiny amount of CP ink onto a desired substrate
[109]. The liquid phase of CPs is deposited on substrates
with high resolution; thus, this technique can produce pre-
cisely patterned arrays and high-performing CP films with
precise control over essential parameters like ink viscosity,
ink surface tension, and substrate surface energy [30]. Inkjet
printing stands out for its high accuracy and reliability in
utilizing minute amounts of CPs (a few pL) due to the dig-
ital controllability of its printing process [109]. Moreover,
this technique offers multiple CP layers and diverse pattern-
ing shapes, facilitating the fabrication of high-performance
output devices with desired functions. For example, a study
successfully patterned a PEDOT:PSS thin film with multiple
printing passes onto a flexible polydimethylsiloxane (PDMS)
substrate using the inkjet printing process (Fig. 3b) [110].
This highlights the potential of inkjet printing in fabricat-
ing printed stretchable CP thin films integrated into low-cost
wearable sensor patches.

On the other hand, spray printing, a contact-free tech-
nique, is emerging as a promising alternative to the spin
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Fig. 3 a Schematic summary of common meniscus-guided deposi-
tion (MGD) techniques for conjugated polymer (CP) deposition: (a1)
dip coating; (a2) slot die coating; (a3) blade coating; (a4) solu-
tion shearing; (a5) bar coating; (a6) zone coating. Reproduced
from Ref. [104], Copyright 2020, with permission from The Royal
Society of Chemistry. b The inkjet printing process of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) film on
the elastomer substrate and the high stretchability of the polymer film.

Reproduced from Ref. [110], Copyright 2021, with permission from
the American Chemical Society. c Spray printing of a PEDOT film on
large surfaces. Reproduced from Ref. [113], Copyright 2022, with per-
mission from the authors, licensed under CC BY 4.0. d Well-defined
pattern of polyaniline (PANI) on a polyimide substrate fabricated by a
spray printing method (scale bar: 5 mm). Reproduced from Ref. [114],
Copyright 2019, with permission fromWILEY–VCH Verlag GmbH &
Co. KGaA, Weinheim
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coating method and some MGD techniques for depositing
CP thin films in electronic devices [111]. This method uses
relatively low amounts of CP solution to rapidly produce CP
thin films by multiple-drops-on-demand deposition. It offers
advantages like simplicity, high throughput, less wasteful
material, and industrially scalable production, particularly
suited for low-temperature processing (i.e., deposition on
plastics) and high-speed roll-to-roll processes [89, 112]. For
instance, studies successfully produced PANI and PEDOT
flexible thin films on an industrial scale on various substrates
such as paper (Fig. 3c) [113] and polyimide (Fig. 3d) [114].
These efforts indicate the tremendous potential of the spray
printing method in scaling up the production of CP films for
wearable systems.

Optical properties

Owing to their noninvasive nature, ease of observation, and
deep tissue monitoring ability, optical flexible and wearable
biosensors have garnered more attention compared to other
biosensors [115]. Therefore, novel materials showing spe-
cial optical properties are promising candidates for biosensor
device development. CPs have recently attracted worldwide
attention in designing optical transducers for flexible and
wearable fluorescent or colorimetric biosensors due to their
excellent light harvesting and emission properties [16].

As previously mentioned, CPs contain p-orbitals within
weakly localized π-bonds, allowing p-orbital overlap to
generate the fluorescence characteristics of CPs that suffer
radiative energy transfer under light irradiation. Alterations
in the structure of CPs, such as changes in the degree of
anisotropy, conjugation length, intramolecular conformation,
and intermolecular packing, can immediately light absorp-
tion and fluorescence properties, making CPs promising for
optical sensors [18]. These changes can stem from factors,
including chemical reactions between polymer molecules
with stimulus or other molecules, physical factors (i.e.,
strained polymer matrix or shifted planarity), recombina-
tion, phonons, or excitation and ionization impurities [116].
Despite the efficient light harvesting and emission efficiency
of CPs, they are often prepared as CP nanoparticles in optical
biosensing applications because of their inherent hydropho-
bicity [117].

The electroluminescence of CPs was first investi-
gated in poly(p-phenylenevinylene) (PPV), which emitted
green–yellow luminescence, having lower energy than its
energy bandgap (2.5 eV) [118]. Generally, the π electrons
in the double bonds of CPs can transition from the high-
est occupied molecular orbital (HOMO) level to the least
unoccupied molecular orbital (LUMO) level, reducing their
energy bandgap. Under photon energy absorption from light,
this electron transportation occurs within CPs, leading to
exaction induced by electron–hole pairs. Some CPs have

been shown to exhibit fluorescence and phosphorescence,
with their doped states displaying higher photoluminescence
quantumefficiency than pristine counterparts [26]. Currently,
polydiacetylenes (PDA) is the most widely used CP in the
development of optical biosensors because of its visible light
excitation. Typically, PDA and its derivatives appear in blue
owing to maximum absorption at a 640-nm wavelength,
attributed to electron delocalization into the backbone. Upon
interaction with external stimuli such as light, heat, pH,
solvents, mechanical stress, metal ions, and biomolecules,
PDAs exhibit a strong shift of the main absorption peak to
approximately 540 nm and appear in red, likely detectable
to the naked eye [119–122]. The mechanism underlying
this color transition suggests that the planar conformation
of the PDA backbone changes to a nonplanar conforma-
tion under stress conditions, leading to the color shift of its
optical spectra [123]. Furthermore, the color transition cor-
responds to an energy shift in the lowest excited state from
the nonfluorescent blue to the fluorescent red state. Pendant
side chains are proposed to play a paramount role in the
altered color and changed optical properties of PDAs [124].
In particular, the overall PDA conformation is highly influ-
enced by internal interactions among these side chains and
external interactions with stimuli via functional groups [17].
Importantly, manipulating and controlling these interactions
through chain length, functional group position, and types
are essential for developing biosensors for various analytes
or stimuli.

Recent advances in CP nanostructures
and hybridization in wearable biosensors

Pristine and bulk CPs have several disadvantages, such as
low surface area and active sites, low conductivity, and
poor mechanical properties, contributing to low sensing
performance (i.e., long-time response and low sensitivity)
and low flexibility and stretchability in wearable biosen-
sors. To address these challenges, special nanostructures
and hybridizations of CPs have recently been developed
to enhance wearable biosensor efficiency [125]. CP nano-
structures encompass variousmorphologies, includingNWs,
nanopores, NTs, NFs, nanobelts, and nanorods. The mor-
phological properties of CP nanostructures play a crucial
role in affecting charge transport and mechanical deforma-
bility of biosensor devices. In principle, CP films with
higher crystallinity often exhibit more efficient charge trans-
port due to strong intermolecular coupling, but they have
lower mechanical deformability [126]. Moreover, CP nanos-
tructures continuously evolve during solution processing
under different fabrication conditions. Therefore, controlling
CP nanostructures to simultaneously achieve good charge
transport and high mechanical properties is challenging,
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Table 1 Summary of common conjugated polymer (CP) nanostructures used in the design of wearable biosensors

CP
nanostructures

Definition Synthesis methods Properties Reference

CP nanowires 1D CP nanostructures
possessing a large
length-to-diameter aspect
ratio

Self-assembly;
Whisker method;
Solvent slow evaporation

Morphologies:15–20 nm wide,
5 nm tall, and 10–100 μm in
length;
Unique mechanical,
electrical, thermal, and
optical properties

[28, 136]

CP nanofibers Polymer fibers with a
diameter in the nanometer
scale

Self-assembly;
Seeded growth;
Electrospinning;
Solution-based template
methods

Diameter below 100 nm and
lengths up to kilometers;
Large specific surface area,
high porosity, flexible
mechanical properties, and
ease of fabrication

[137, 138]

CP nanotubes Nanoscale CPs with
tube-like structures

Template-based methods;
Interfacial
polymerization;
Reverse microemulsion

An average diameter of about
87 nm and wall thickness of
about 11 nm;
Mesopores with a wide pore
size distribution ranging from
20 to 60 nm

[139]

Nanoporous CPs Highly ordered 3D
nanoporous CPs

3D printing;
Template-based methods;
Phase separation

Pore sizes below 500 nm;
Large surface area

[140, 141]

especially in practical large-scale biosensor devices [127].
Charge transport in CPs primarily occurs via the hopping
process, playing a vital role in the development of biosen-
sors with high sensing performance. CP nanostructures have
been shown to demonstrate higher conductivity due to highly
oriented polymer chains and elongated conjugation length
compared with their bulk counterparts. The reduced dimen-
sions of CPs at the nanoscale can significantly increase chain
orientation, crystallinity, and doping level [128]. The larger
surface area and smaller dimensions of CP nanostructures
enable more efficient and rapid electrochemical reactions.
Furthermore, the nanoscale morphology significantly influ-
ences CPs’ electrochemical and charge transport properties
[129, 130]. For instance, Park et al. demonstrated a strong
correlation between the morphology and electrochemical
performanceofPANInanostructures, includingnanospheres,
nanorods, and nanofibers [131]. They indicated that charge
carrier transport in CPs increases in proportion to the aspect
ratios of CP nanostructures. At micrometer length scales,
CPs often form highly disordered structures due to the high
degree of conformational freedom ofmacromolecular chains
and irregular interchain entanglement [131, 132], resulting
in much lower charge transport properties compared to CP
structures at nanoscales. Additionally, the charge transport
of CP thin films is affected by condensed matter, such as
molecular planarity,π–π stacking distance, crystallinity, and

long-range order [133]. High-crystallinity CP nanostructures
provide a long-range order of polymer chains and higher
field-effect carrier transport [134]. Therefore, the develop-
ment of appropriate CP nanostructures can optimize charge
transport characteristics.

Beyond improved charge transport properties, CP nanos-
tructures offer several advantages over their bulk counter-
parts, including larger surface areas, enhanced flexibility and
stretchability, stronger mechanical toughness and strength,
and improved optical features. Furthermore, CP hybridiza-
tions with organic and inorganic materials significantly
enhance their performance in wearable biosensors. This
section discusses common and potential CP nanostructures
and hybridizations recently used for fabricating wearable
biosensors.

One-dimensional CP nanostructures

Due to their anisotropic electrical characteristics and geomet-
rical features, one-dimensional (1D) CP nanostructures offer
superior advantages in the detection of biological molecules
[135]. Moreover, they inherit several advantages over their
bulk counterpart (i.e., facile functionalization and biocom-
patibility). Therefore, the use of 1D CP nanostructures such
as NWs, NFs, and NTs as transducers in biosensor devices
has increased for the fabrication of wearable biosensors. The
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properties and synthesis methods of these CP nanostructures
are summarized in Table 1.

CP nanowires

CP nanowires, among the significant 1D nanostructures of
CPs, have shown great potential for designing nanosensors
and nanoelectronic devices thanks to their excellent elec-
trical, magnetic, mechanical, and optical properties [142].
Charge transport properties in CPs are generally induced by
intrachain transport along the polymer chains and backbones.
These properties depend heavily on crystalline structure,
molecular planarity, and π–π stacking distance and order
[143]. CPs have demonstrated better charge transport proper-
ties in crystalline regions than in amorphous regions because
long chains can facilitate electrical connectivity between
small crystalline domains, thereby offering length scales for
charge transport and efficient charge carrier transfer [144].
Thus, CP nanowires characterized by high crystallinity and
long-range order in polymer chains enhance charge carrier
mobility, carrier concentration, and crystallinity and decrease
the bandgap energy and amorphous regions relative to pris-
tine CPs [27, 136].

Generally, CP-NWs inherently provide sufficient flexibil-
ity and stretchability for electronic wearable devices with
nanoscale active channels. Moreover, the high requirements
and standards of flexible and stretchable electronic devices
can be met by simply modulating the mechanical properties
of single CP-NWs via controlling or modifying their chemi-
cal composition and morphology [97]. To further improve
the reliability of wearable sensor devices, current poten-
tial strategies have focused on fabricating novel CP-NWs
with position and alignment controllability in length. Vari-
ous methods have been used for CP-NW preparation [28],
but direct printing technologies like electrospinning, elec-
trohydrodynamic printing, three-dimensional (3D) printing,
and pulsed laser irradiation have gained preference due to
their efficiency in producing CP-NWs with stable mechan-
ical properties, high flexibility and stretchability, excellent
electrical properties, and accurate NW alignment [142, 145,
146].

Moreover, these techniques have been demonstrated to
enhance CP ductility and decrease its elastic modulus con-
siderably. Among them, electrowinning is highly effective
for fabricating CP-NWs due to its requirement of simple
equipment and precise control over NW morphology and
diameter [147]. This technique simultaneously employs a
strong shear force and high electric fields when jetting a
CP solution into a collector, aligning CP chains longitudi-
nally and facilitating anisotropic charge transport along the
CP-NWs. Furthermore, electrowinning provides a straight-
forward means for modifying the elastic modulus, ductility,
and toughness of CP-NWs through variations in polymer

formulations, eliminating complicated lithography pattern-
ing processes. Consequently, the electrowinning technique
finds extensive application in designing CP-NW deformable
devices for various biomedical applications. For instance,
a deformable field-effect transistor (FET) device based on
NWs of a thiophene diketopyrrolopyrrole (FT4-DPP) poly-
merwas successfully prepared using electrowinning (Fig. 4a)
[148]. This FET, combining single CP-NWs (an active
semiconductor) and polyethylene oxide (PEO, a molecular
binder and deformability enhancer), exhibited high mechan-
ical properties, including good charge transport with high
field-effect mobility. Moreover, it demonstrated excellent
length-directional and width-directional deformability and
stretchability under 100% strain (Figs. 4b and 4c). The
mechanical durability and electrical reliability of the CP-
NW structures in the FET device were improved by growing
CP-NWs with serpentine-like structures on a prestretch
elastic substrate (Fig. 4d). This study showcased that due
to their good flexibility and ductility, CP-NWs can con-
form and adhere to stretchable substrates, forming highly
deformable CP-NW-based transistors capable of stable oper-
ation, even on surfacesmimicking a beating heart. Therefore,
CPs with NW structures hold immense promise in fabricat-
ing deformable and wearable sensing devices for biomedical
applications.

CP nanofibers

The preparation of CP-NFs with a linear shape and a high
length-to-diameter ratio has attracted increasing interest
in wearable biosensor development. CP-NFs offer several
advantages over bulk and pristine structures, such as high
charge mobility, enhanced optoelectronic properties (emis-
sion quantum yield and polarized emission), and, notably,
enhanced biomedical-related properties [149]. In particular,
CP-NF networks blendedwith the elastomermatrix can form
special films with excellent mechanical properties. In these
systems, the elastomeric polymer chains at the CP-NF junc-
tions allow for easy rotation and sliding of CP-NFswithin the
elastomer matrix. The high mechanical stability and stretch-
ability of CP-NF/elastomer blend films are mainly attributed
to the CP-NF nanoconfinement effect [150]. Furthermore,
the addition of additives enhances the electrical properties,
flexibility, and stretchability of the CP-NF films.

Utilizing CP-NFs as conductive fillers has proven to be
effective in improving the performance of wearable biosen-
sors: (i) very longCP-NFbundles canmaintain high electrical
conductivity during applied strain; (ii) CP-NFs are easily
modified chemically, providing a straightforward way to
modulate both electrical and mechanical characteristics of
the films; and (iii) CP-NF nanoconfinement facilitates super
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Fig. 4 Schematic illustration of the preparation process and appli-
cation of conjugated polymer nanowires (CP-NWs) in deformable
field-effect transistors (FETs). a Preparation of the CP-NW-based
FET device using a homogeneous blending of two polymer systems,
thiophene diketopyrrolopyrrole (FT4-DPP) and polyethylene oxide
(PEO). Schemes and scanning electron microscope (SEM) images of

b length-directional and c width-directional stretchability of the CP-
NWs. d Schematic illustration of stretchable CP-NW-based FET device
on a styrene–ethylene–butylene–styrene (SEBS) substrate. Reproduced
from Ref. [148], Copyright 2018, with permission fromWILEY–VCH
Verlag GmbH & Co. KGaA, Weinheim

mechanical stretchability of the films [97]. CP-NFs are typ-
ically prepared using various methods, such as electrospin-
ning, interfacial polymerization, electrochemical nanowire
assembly, reverse emulsion polymerization, ultrasonication,
hard physical template-guided synthesis, and lithography
techniques [29]. Methods offering large-scale production,
well-aligned CP-NF arrays, and tunable morphologies are
deemed the most desirable. Similar to CP-NWs, electrospin-
ning is considered one of the most effective techniques for

preparing long and homogeneous CP-NFs at the nanometer
scale due to its use of strong electrostatic forces. Compared
to other methods, electrowinning is appropriate for the mass
productionof continuous longnanofibers for various biomed-
ical applications [151].

Numerous studies have explored CP-NF applications
in fabricating highly flexible and stretchable sensing
devices. For instance, Lee et al. developed highly flexible
organic nanofiber phototransistors by depositing a mixture
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Fig. 5 a Schematic of the P3HT nanofiber (NF)-based transistor on a
paper substrate. b Scanning electronmicroscope (SEM) image of P3HT
NFs deposited on a polystyrene-b-polybutadiene-b-polystyrene (SBS)
nanofiber substrate. c Optical images of a deformable and stretchable

P3HTNF-based transistor. d Transfer curve characteristics of the P3HT
NF-based transistor obtained at different strains. Reproduced fromRef.
[152], Copyright 2014, with permission from WILEY–VCH Verlag
GmbH & Co. KGaA, Weinheim

of poly(3,3-didodecylquaterthiophene) and poly(ethylene
oxide) onto a highly flexible textile composite substrate
[145]. Using the electrowinning technique, the CP-NFs were
obtained and aligned on the textile composite substrate. The
flexible CP-NF transistor demonstrated high electrical per-
formance under extreme bending conditions, showing great
potential for use in wearable photosensors. In another study,
a stretchable P3HT rubber composite was successfully pre-
pared and used as a highly stretchable active channel layer
in a stretchable and excellent air-stable transistor [150].
Single P3HT NFs were formed and assembled into wide
bundles on a rubber surface; this composite was then used
to fabricate stretchable transistors with highly reliable per-
formance. Similarly, Shin’s group fabricated an array of
highly stretchable electronic devices (Fig. 5) [152]. Using
the electrowinning technique, P3HT NFs with an average
diameter of 2.5 μm were directly deposited onto a stretch-
able substrate of polystyrene-b-polybutadiene-b-polystyrene
(SBS) (Figs. 5a and 5b), enabling large-area printing of
the P3HT NFs. The resulting P3HT NF-based transistor

showed high and stable performance (Figs. 5c and 5d). The
transistors exhibited remarkable mechanical stability and
maintained typical transistor behavior even under severe
stretching events. Therefore, these studies underscore the
promise of utilizing CP-NFs for the development of flexi-
ble and stretchable devices.

CP nanotubes

The nanotubular structures of CPs are ideal for fabricat-
ing high-performance wearable electronic devices because
of their improved charge transport rates and significantly
increased surface areas [153]. CP-NTs have been pre-
pared and employed as flexible active channels in various
applications such as nanosized transistors, displays, and
biosensors [154]. Typically, CP nanotubular structures can
be prepared through diverse techniques, including template-
assisted methods, interfacial polymerization, electrochemi-
cal synthesis, vapor deposition polymerization, and reverse
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emulsion polymerization [155–158].Among them, template-
assisted methods have gained great attention due to their
simplicity and versatility. Using this method, many CP-NTs
such as PPy, polythiophene, and poly(p-phenylene vinylene)
NTs have been fabricated based on organic/inorganic tem-
plates (i.e., alumina and polycarbonate membranes) [159].

However, conventional template methods, often reliant
on electropolymerization, struggle to facilitate large-scale
production of CP-NTs [160]. Therefore, several novel tech-
nologies based on template methods have been successfully
developed, aiming to provide facile and effective routes
for the large-scale production of CP-NTs. For instance, Hu
et al. introduced a straightforward template for PEDOT NT
preparation, employing a combination of chemical oxidation
polymerization and template etching (Fig. 6a) [139]. In their
study, a halloysite NT (HNT) template was used to absorb
EDOT monomers and grow PEDOT NTs. PEDOT NTs with
thin walls and abundant voids were obtained (Figs. 6b–6d),
providing large surface areas and facilitating ion diffusion
into the CP matrix. This approach demonstrated scalability
and potential for preparing various CP-NT types. Recently,
well-aligned CP-NT arrays grown on flexible substrates have
emerged as ideal nanostructures for active channel thin films
in wearable sensors due to their larger surface area. These
NT arrays can shorten the diffusion distances of target bio-
analytes to active channels (10–20 nm) while maintaining
excellent charge transfer [161]. As an example, Byun’s group
prepared a vertically and laterally ordered ultrahigh density
P3HTNT array using an anodized aluminum oxide template-
assisted method combined with solution wetting (Fig. 6e)
[160]. The study demonstrated excellent alignment of P3HT
chains within the P3HT NT arrays, resulting in a tenfold
increase in conductivity compared to a continuous P3HT
film. Importantly, this method holds promise for preparing
ultrahigh-density NT arrays of various CPs, enabling their
application as flexible conductive membranes in highly effi-
cient wearable electronic devices (Fig. 6f) [162].

Nanoporous CP structures

Over the past few decades, nanoporous CP structures have
garnered considerable attention for their extensive poten-
tial applications, reflecting their superior properties over
bulky and continuous structures. These attributes include
a superlarge surface area, good environmental stability,
high conductivity, biocompatibility, outstanding mechani-
cal properties, and tunable redox performances [163, 164].
Biosensors based on nanoporous CPs demonstrate superior
analytical sensitivity due to their large specific surface area
and rich active sites that facilitate interactions between target
molecules and transducers [141]. Numerous nanoporousCPs
(i.e., PANI, P3HT, and PPy nanopore arrays) have recently
been prepared using various methods [165–167]. Broadly,

nanoporous CPs can be fabricated through two main meth-
ods: (i) hard templatemethods, including anodized aluminum
oxide, polymeric microspheres, and mesoporous silica; and
(ii) soft template methods, including block copolymer phase
separation, soft lithography, breath figures, and emulsions.

Hard template methods use solid molds with a well-
defined design to assist, define, and highly order CP
monomers in specific pore shapes, subsequently removing
the mold to form nanoporous structures. These techniques
have been used for fabricating nanoporous CPs in flexible
and wearable biosensors because they exhibit several advan-
tages over other techniques, including (i) nontoxic solvent
requirement and environmental friendliness; (ii) simplicity
involving one-step procedures; and (iii) suitability for var-
ious CPs [167]. For instance, a 3D nanoporous PEDOT
thin film was fabricated by a hard template method based
on colloidal polystyrene nanospheres and integrated into a
nonenzymatic glucose biosensor (Figs. 7a–7c) [140]. The
uniform distribution of polystyrene spheres generated a
well-ordered, compact template, producing a 3D multilayer
PEDOT nanoporous structure with monodispersity of the
pores. The nanoporous PEDOT-based biosensor exhibited
an eightfold higher sensitivity than that of a dense PEDOT
film-based biosensor due to the significantly increased sur-
face area of the 3D nanoporous structure.

However, hard template methods can damage CP struc-
tures or cause CP aggregation due to the postsynthesis
process (template removal). To address these concerns, soft
template methods have emerged as promising alternatives,
offering simplicity and reduced expenses [168].Among these
methods, dynamic templating techniques utilizing nontoxic
and easily available templating mediums have gained trac-
tion, with breath figures being a typical example [169].
Breath figure techniques rely on the formation of water
droplets by directing aqueous vapors onto a cold surface.
The nanoporous CP film is attained by evaporating the water
droplets in a humid environment (Figs. 7d and 7e) [167].
Compared to other soft template methods, breath figures
present several advantages such as low cost, rapid process-
ing, easy implementation, and tunable nanoscale pore sizes.
Accordingly, breath figures have found extensive applica-
tion as a versatile and convenient strategy for fabricating
micropatterns and nanoporous CP films in flexible sensor
devices.

Recently, laser irradiation technology has emerged as
a promising strategy for crafting nanoporous CP struc-
tures on flexible substrates, offering contact-free and mask-
free patterning capabilities [170, 171]. This technique
employs photothermal/photochemical effects to disassociate
CP molecules rapidly, converting them into gaseous prod-
ucts. Laser irradiation technology has been used to pattern
nanoporous structures on various flexible substrates to con-
structwearable electronic devices [172].Using this approach,

123



492 Bio-Design and Manufacturing (2024) 7:476–516

Fig. 6 a Schematic illustration of the preparation process of poly(3,4-
ethylenedioxythiophene) (PEDOT) nanotubes using a template-assisted
method. b–d Transmission electron microscopy (TEM) images of vari-
ous PEDOT nanotubes. Reproduced from Ref. [139], Copyright 2019,
with permission from the American Chemical Society. e Scheme for
illustrating the fabrication process of the P3HT nanotube array by

solution wetting. Reproduced from Ref. [160], Copyright 2011, with
permission from the American Chemical Society. f Schematic illustra-
tion of the deposition of a PEDOT nanotube array on a flexible substrate
and its electrical performance. Reproduced from Ref. [162], Copyright
2020, with permission from the American Chemical Society

Meng’s group successfully prepared a nanoporous flexible
CP-based platform for skin patch biosensors [173]. Aflexible
polyimide substrate was locally irradiated by an appropriate
laser power for designing and fabricating geometrically pat-
terned 3D nanoporous flexible electrodes (Figs. 7f and 7g).
Next, this macroscopic electrode pattern was used as a tem-
plate for nanodepositing PEDOT and generating a compact
and heterostructured 3D nanoporous PEDOT matrix, which
functioned as an innovative transducer. The nanoporous
PEDOT structure was integrated into flexible skin biosensors
using a three-electrode system and a folded 3D wristband.

This study demonstrated that using laser irradiation technol-
ogy for crafting CP nanoporous structures is an innovative
strategy for designing potential transducers for flexible and
wearable biosensors.

CP hydrogels (CPHs)

CP hydrogels (CPHs) are novel materials that leverage the
outstanding features of both CPs (electrically conductive
properties) and hydrogels (high water contents and softness)
[174, 175]. They have recently been gaining tremendous
attention for the fabrication of wearable biosensors owing to
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Fig. 7 a Schematic illustration of a hard-template-based fabrication
process and b, c scanning electron microscope (SEM) images of
the 3D nanoporous poly(3,4-ethylenedioxythiophene) (PEDOT) film.
Reproduced from Ref. [140], Copyright 2016, with permission from
Wiley-VCH Verlag GmbH & Co. KGaA,Weinheim. d Schematic illus-
tration of a soft-template-based fabrication process (breath figure) and
e atomic force microscopy images of nanoporous P3HT films. Repro-
duced from Ref. [167], Copyright 2020, with permission from the

authors, licensed under CC BY-NC. f Schematic diagrams of overall
fabrication process of the flexible skin biosensor based on a nanoporous
PEDOT film prepared by the laser irradiation method. g Integration
of the three-electrode system. h Optical images of (h1) 2D patch and
3D wristband, (h2) connection with a cable, and (h3) 3D wristband
conformed for a wearable biosensor. Reproduced from Ref. [173],
Copyright 2021, with permission from the authors, licensed under CC
BY 4.0

123



494 Bio-Design and Manufacturing (2024) 7:476–516

Fig. 8 a Schematic illustrations of the 3D structure of the conjugated
polymer hydrogel (CPH) based onpolyaniline (PANI)where phytic acid
acts as a dopant and a cross-linker. bMicropatterning of PANI CPH by
inkjet printing and spray coating techniques: (b1) optical image of the
PANI CPH micropatterning by inkjet printing on paper; (b2) magnified
image; (b3) optical image of the PANI CPH inkjet printing array; (b4)
PANI CPH inkjet printing array by mask-spray coating. Reproduced
from Ref. [181], Copyright 2012, with permission from Proceedings
of the National Academy of Sciences. c Schematic of the fabrica-
tion procedure of a CPH-multiplexed biosensor using the inkjet-printed
technique. Reproduced from Ref. [182], Copyright 2018, with permis-
sion from the American Chemical Society. d Optical images of (d1)

the adhesion ability of the PANI-chitosan CPH to various substrates;
(d2) the CPH adhesiveness under free stretching and bending; (d3) a
scheme of the lap shear tests; (d4) the adhesion strength–displacement
graph of the CPH on various substrates; (d5) successive adherence and
separation cycles of the CPH on porcine skin. Reproduced from Ref.
[186], Copyright 2023, with permission from the American Chemical
Society. e Schematic of the multifunctional properties of a poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) CPH.
Reproduced from Ref. [190], Copyright 2022, with permission from
Elsevier
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their superior advantages such as high conductivity, tissue-
likemechanical properties (i.e., flexibility and stretchability),
good biocompatibility and biodegradability, a simple prepa-
ration procedure, and low cost [20, 176]. Several common
CPs, such as PANI, PPy, and PEDOT:PSS, are employed as
conductive components in CPHs. For applications in flex-
ible electronic devices, key properties of CPHs, including
electrical properties, mechanical properties, and functional-
ity, are generally modulated during their synthesis procedure
to achieve high flexibility, stretchability, and conductivity.
Numerous approaches have been developed to synthesize
CPHs, which can be divided into two basic groups depend-
ing on the hydrogelmatrix components: compositeCPHs and
pure CPHs [2]. To prepare composite CPHs, CP monomers
are incorporated into an insulating hydrogel matrix through
chemical, electrochemical, or copolymerization processes
[177]. PureCPHs are prepared by adding only nonconductive
crosslinker additives during the CP polymerization reactions
to form the structure [178]. The addition of external noncon-
ductive components to the CPH composites can significantly
strengthen the mechanical properties of CPHs. Neverthe-
less, this addition considerably reduces the conductivity of
CPs and compromises the charge carrier diffusion properties
within the CPHs [179]. In contrast, pure CPHs have advan-
tages related to maintaining the intrinsic electroactivity of
the CPs in the CPHmatrix. Nonetheless, the important prop-
erties of pure CPHs, including mechanical properties and
biodegradability, areminimal because of the absence of other
nonconductive polymers or components. Therefore, CPH
composites, comprising CPs blended with insulating poly-
mers or other components, have gained broader application
in the fabrication of flexible and wearable biosensors. Incor-
porating CPs with other components can be achieved using
three methods: (i) dispersing CPs within the CPH matrix,
(ii) creating a semi-interpenetrating network, and (iii) estab-
lishing a fully interpenetrating network. Furthermore, CPHs
can be synthesized as smart hydrogels with various geome-
tries and modalities, such as injectable hydrogels, microgels,
nanogels, and 3D systems [175], which meet the stringent
standards and requirements of diverse applications in the
biomedical field, especially biosensors. Owing to their easy
tunability in mechanical features, electrical characteristics,
and functionality, CPHs provide an exceptional platform for
creating interfaces between brittle and soft materials and
for facilitating electron transport and ion transport phases
[180]. Moreover, CPHs can be readily cast into ultrathin
films with various desired shapes during the gelation pro-
cess, and they can be patterned in microscale using advanced
printing technologies like inkjet printing or 3D printing
[177]. For instance, a multifunctional PANI CPH possess-
ing excellent electronic conductivity and electrochemical
properties was synthesized by incorporating PANI and an
abundant natural gelator, phytic acid (Fig. 8a) [181]. This

CPH exhibited remarkable processability, enabling diverse
micropatterning through two different techniques such as
inkjet printing or spray coating (Fig. 8b). These PANI CPH-
based biosensors effectively recognized glucose enzymes
with high sensing speed and sensitivity; therefore, wearable
biosensors could be produced on a large scale using these
two casting technologies. In another study, Li et al. devel-
oped a multiplexed flexible biosensor by inkjet printing a
PANI CPH on a polyethylene terephthalate (PET) substrate
[182]. This flexible device simultaneously detected a variety
of target bioanalytes through integrated miniature CPH sen-
sors on a chip (Fig. 8c). The inkjet printing process with a
multinozzle inkjet system showed superior advantages (i.e.,
high efficiency and accuracy) in fabricating the multiplexed
biosensor. This is among the most promising technology for
mass-producing multiplexed wearable biosensors for effec-
tive human health monitoring.

Currently, new trends in biosensor technologies have cen-
tered on the discovery and synthesis of novel materials for
noninvasive and real-timemeasurements. CPHs are regarded
as one of the most promising materials for the development
of flexible biosensors and biomedical electronics, where
they can be integrated into portable and autonomous devices
or implantable biosensors [183]. As mentioned earlier, due
to their flexibility, biocompatibility, high conductivity, and
biodegradability, CPHs play a crucial role in driving inno-
vation in the biosensors industry and wearable biosensor
technologies. Recent strategies for CPH development aim
to further enhance CPH properties to adapt to the stringent
requirements of implantable biosensors. One of the most
attractive strategies in developing potential CPHs for wear-
able biosensors involves the use of unique components with
special features to significantly enhance conductivity, bio-
compatibility, and biodegradability. Natural biopolymers are
gaining traction as potential initiators and dopants for con-
structing CPHs because of their abundant, renewable, non-
toxic, biocompatible, and biodegradable features, which can
give CPHs excellent biocompatibility and biodegradability
for wearable and stretchable sensing devices. A wide range
of biopolymers, such as cellulose, collagen, alginate, gelatin,
elastin, chitosan, and silkfibroin, have been selected as poten-
tial candidates for preparing CPHs [184]. For instance, Ding
et al. introduced a typical CPH based on a blending system of
nanocellulose nanofibers and PPy that takes advantage of the
nanocellulose biteplate role [185]. The nanocellulose–PPy
CPH exhibited excellent stretchability (>600%), outstanding
biocompatibility, and plasticity, providing a practical plat-
form for constructing multifunctional smart-soft materials in
flexible bioelectronics. In another study, chitosan was com-
bined with PANI to form a self-adhesive CPH for wearable
electronic devices [186]. The PANI-chitosan CPH showed
high adhesive properties to various substrates, bending, and
self-adhesive features (Fig. 8d). These unique characteristics
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were ascribed to the hydrogen bonds of chitosan and PANI.
Moreover, the presence of chitosan significantly improved
the biocompatibility and mechanical properties of the PANI
CPH, and the PANI-chitosanCPHenabled high-performance
monitoring of human motions. Beyond natural biopoly-
mers, synthetic polymers (i.e., poly(vinyl alcohol) (PVA),
poly(methyl methacrylate) (PMMA)), carbon-based materi-
als (carbon nanotubes (CNTs), graphene, activated carbon,
carbon fibers, and porous carbon), MXenes, and metal-based
materials have also been used to improve the CPH properties
of wearable bioelectronic devices [187].

Inspired by the self-healing mechanism of animal skin,
the concept of self-healing CPHs has emerged as a promising
strategy for constructing high-performance wearable biosen-
sors [32]. When damaged by an external stimulus from
the environment, CPH wearable biosensors with high self-
healing ability are envisioned to automatically and repeatedly
repair themselves, thereby enhancing their robustness and
durability and extending the service life of bioelectronic
devices in practical applications [188]. Many strategies have
been proposed to endow CPHs with self-healing ability
through physical or reversible chemical cross-links. Phys-
ical cross-linking interactions, including hydrogen bond,
host–guest, metal coordination, and Schiff base interactions,
are commonly used because of their autonomous and good
mechanical properties [189]. Moreover, self-healing CPHs
are required to possess other crucial characteristics such as
high conductivity, good biocompatibility, strong mechani-
cal features, and self-adhesive behavior to enable practical
application. Therefore, the development of multifunctional
CPHs for wearable electronics is currently considered to
be the most vital approach. For instance, a PPy CPH com-
posite was prepared using a facile solution-casting method,
exhibiting excellent stretchability, rapid self-healing ability,
adhesiveness, and high sensitivity, which are ascribed to the
reversible features of hydrogen bonds [93]. Similarly, Zhang
et al. developed a special multifunctional CPH containing the
most crucial properties for the next generation of wearable
bioelectronics, including good cytocompatibility, flexibility,
high conductivity, adhesiveness, self-healing, and injectable
properties (Fig. 8e) [190]. This type of CPH was also inte-
grated into skin-like sensors and demonstrated to precisely
detect human motions for health care monitoring. Therefore,
multifunctional CPHs with excellent self-healing ability can
offer new opportunities for designing multifunctional wear-
able bioelectronics in various applications.

Despite recent advances in fabricating CPHs with
mechanically robust properties, the simultaneous achieve-
ment of ultrahigh electrical conductivity and mechani-
cal characteristics under diverse physiological conditions
remains a persistent challenge. Presently, tough CPHs often
exhibit low conductivity (<0.3 S/cm) due to their poor electri-
cal component connectivity, high stiffness, and limited water

absorption [191, 192]. Attempts to increase the CP concen-
tration in CPHs to achieve high conductivity substantially
compromise mechanical characteristics [193], significantly
limiting the applications of wearable biosensors as bioelec-
tronic interfaces. Moreover, it is difficult to apply advanced
manufacturing techniques such as 3D printing and laser pat-
terning for the deposition and production of many CPHs in
bioelectronic devices. Most recently, Zhou et al. reported
a bicontinuous CPH composed of PEDOT:PSS (electrical
phase) and hydrophilic polyurethane (PU, a mechanical
phase) [194]. This innovative CPH demonstrated high con-
ductivity (>11 S/cm), strong fracture toughness (>3300
J/m2), good stretchability (>400%), high water content
(approximately 80%), and tissue-like softness (Young’smod-
ulus <1 MPa) under physiological conditions. Furthermore,
the bicontinuous CPH ink, with tunable viscosity, allows for
straightforward fabrication and casting using various depo-
sition techniques. Low-viscosity bicontinuous-CPH ink can
be employed in spin coating [195] or electrowinning [196],
whereas the high-viscosity bicontinuous-CPH inks exhibit
favorable rheological features and aremoldable and printable
materials which are ideal for use in advanced manufacturing
techniques such as soft lithography [197] and 3D printing
[198]. Due to its compatibility with advanced fabrication
techniques, bicontinuous CPH has been designed in various
shapes that can be used to record, stimulate, or mimic various
organs in animals or human beings. Therefore, bicontinuous
CPH stands as a promising strategy for the development of
CPHs in terms of advanced materials in 3D printing and pat-
terning in tissue-like bioelectronic interfaces.

Fundamentals and building blocks
of CP-based wearable biosensors

A wearable biosensor is a tiny analytical device with an
autonomous operating ability. It can be integrated with
point-of-care (POC) systems with mobile connectivity to
continuouslymonitor human biometrics or small physiologi-
cal changes in a minimally invasive manner [199]. Wearable
biosensors have been developed in diverse forms, includ-
ing on-skin patches, tooth-mounted films, contact lenses and
textiles, tattoos, and injectable devices [200–202]. Typically,
a wearable biosensor contains four main components: (i)
substrate, (ii) sensingunit (i.e., signal transduction and ampli-
fication, and biorecognition elements), (iii) decision-making
unit, and (iv) power unit (Fig. 9a) [22, 33].

A wearable biosensor is usually developed on a spe-
cial platform with high flexibility and stretchability; thus,
selecting substrate materials with outstanding features is
necessary [203]. The substrate governs the general char-
acteristics of wearable sensors. Therefore, the materials
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Fig. 9 a Schematic illustrations
of a wearable biosensor
composed of substrates,
electrodes, a sensing unit, and a
decision-making unit.
Reproduced from Ref. [22],
Copyright 2019, with permission
from WILEY–VCH Verlag
GmbH & Co. KGaA, Weinheim.
b Immobilizing biomolecules
onto the conjugated polymer
(CP) surface: (1) physical
adsorption, (2) electrochemical
entrapment, and (3) covalent
attachment. Reproduced from
Ref. [14], Copyright 2021, with
permission from Elsevier. c,
d Pencil–paper on-skin
electronics for multimodal
analysis. Reproduced from Ref.
[216], Copyright 2020, with
permission from the Proceedings
of the National Academy of
Sciences

used for preparing substrates of such devices must sat-
isfymechanical requirements, includingflexibility, elasticity,
and toughness, along with the excellent functional fea-
tures of the sensor components, such as high adhesion with
active materials, biocompatibility, low cost, large-scale man-
ufacturing, and easy prototyping. Presently, substrates are
predominantly fabricated from natural materials, synthetic
polymers, papers, hydrogels, and textiles [204]. Natural

materials derived from animal and plant sources, such as
cotton, collagen, agarose, silk, hemp, linen, and chitin [205],
have key properties including flexibility, mechanical robust-
ness, and biocompatibility [206]. The main advantage of
natural materials in the design of wearable biosensors is
that they are abundant, inexpensive, and safe. Synthetic poly-
mers such as PDMS, PMMA,PET, polyethylene naphthalene
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(PEN), polylactic acid, polyvinylidene fluoride, polytetraflu-
oroethylene, polyimide, and silicone are also well-known
functional materials that are commonly used to create sub-
strates for wearable biosensors [207]. These polymers boast
high stability, flexibility, skin safety, air permeability, and
robust coupling to living tissues [208]. Hydrogels, a sub-
class of natural materials or synthetic polymers, have a 3D
structural material suitable for creating wearable biosensors
thanks to their soft, deformable, and transparent properties
[20]. Moreover, hydrogels boast a high water absorption
capacity and high permeability for small molecules, metabo-
lites, oxygen, and other water-soluble components due to
their hydrophilicity and porous structure, making them a
biologically friendly candidate for applications involving
skin, wound, or body interfacing [209]. A wide range of
natural and synthetic polymers can be used to synthesize
hydrogels, including polyethylene glycol, polyacrylamide,
PVA, polyvinylpyrrolidone (PVP), alginate, chitosan, and
gelatin for application in wearable biosensors [210]. Most
recently, paper, known as a cellulosic material, has gained
attention in the realm of wearable biosensors because of its
unique properties, including low cost, high specific stiffness,
high surface-to-volume ratio, light weight, deformability,
low thickness, and rich surface chemistry [211]. Further-
more, it accommodates printing techniques. Each material
has its own advantages and disadvantages, and selecting the
appropriate material for constructing substrates depends on
the specific applications.

The core of awearable biosensor is a sensing unit with two
main components: bioreceptors (biorecognition elements)
and signal transduction and amplification elements. In prin-
ciple, the sensing units work based on molecular interactions
between the targeted analytes/biomarkers and bioreceptors,
inducing measurable electrical or optical responses that are
amplified and recorded by the transduction and amplification
units [33]. Biorecognition elements in CP-based wearable
biosensors are CP-based thin films decorated or functional-
ized with biomolecule probes, such as enzymes, antibodies,
aptamers, ssDNA, proteins, peptides, and antigens [14]. To
prepare biorecognition elements, immobilizing biological
probes onto a CP surface must be highly stable, guaran-
tee good diffusion and distribution on the whole CP thin
film, and provide good electron transfer to optimize the sen-
sitivity and operational life of biosensors [212]. Therefore,
it is necessary to select appropriate immobilization meth-
ods that can satisfy several crucial requirements, including
high efficiency, simplicity, and no damage to the CP surface
or probes. Three main techniques, namely physical adsorp-
tion, covalent attachment, and entrapment, have been widely
applied for immobilizing biomolecule probes onto CP thin
films (Fig. 9b) [14]. In addition to immobilizing processes,
biorecognition elements need to strictly adapt to the operating

conditions ofwearable biosensors: good deposition and oper-
ation on a flexible and stretchable substrate at skin surface
temperature (37 °C); no active layer fouling and passivation;
high regeneration; continuous and long-term use; high sen-
sitivity and specificity to biomarkers; and compatibility with
other elements of biosensors [33].

The secondary components of the sensing unit are sig-
nal transduction and amplification elements, which are also
known as transducers. In wearable biosensors, the transducer
is designed to convert the measurable responses from the
bioreceptors to a stream of data over a long period. The sens-
ing modalities in wearable biosensors have mainly relied on
optical, electromechanical, electrical, and electrochemical
changes to determine biochemical and biophysical signals
[213, 214]. Electrical and electromechanical transducers
havebeenused formotionor strain, breathing, and electrocar-
diography biosensors, whereas optical and electrochemical
transducers are commonly used for biochemical biosensors.
Different transductionmodes canbe integrated into onewear-
able device to improve sensing performance and provide
multiple functions for continuously monitoring physiolog-
ical factors [201, 215]. For instance, a pencil–paper-based
on-skin electronic device was successfully composed using
different transducers, including temperature, electrophysio-
logical, and biochemical transducers, along with an energy
harvester (Figs. 9c and 9d) [216]. This electronic device had
a high sensing performance for numerous key biophysical
and biochemical responses and changes in the human body,
such as uric acid and glucose levels, sweat pH, heart and
respiratory rates, body temperature, electrocardiograms, and
electromyograms. Currently, the choice of transduction ele-
ments for the construction of wearable biosensors has been
limited by their biocompatibility, poor signal-to-noise ratio,
and inability to integrate with other biosensor components
[199, 217]. Therefore, the utilization of CPs as transducers
in wearable biosensors is promising due to their high bio-
compatibility and ease of processing.

Decision-making units play a vital role in the conver-
sion of raw data to human-readable platforms. Recently,
machine learning has been broadly used for the design of
decision-making units to acquire data more efficiently [218].
The data recorded by transducers in wearable biosensors are
highly noisy with high dimensions [219]; hence, it is diffi-
cult to access, read, and extract this kind of data by general
users. Wearable biosensors have been integrated with arti-
ficial intelligence (AI)-based technologies to reduce noise,
produce recognition patterns, and increase the ability tomon-
itor abnormalities [220]. Typically, AI data processing in
wearable devices involves four main functions: interface,
classifying data, modeling and analyzing the data, and deci-
sion layer. AI-integrated wearable biosensors can achieve
high diagnostic accuracy by bridging the gap between anal-
ysis and data acquisition. The use of AI data processing
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in wearable biosensing devices needs to achieve two main
goals: (i) analyzing raw data appropriately and making
conclusions accurately; (ii) quickly recognizing data mis-
interpretation. To accomplish these goals, machine learning
serves two purposes: (i) cutting the data quantity before wire-
less transmission and (ii) solving problems relevant to data
quality (i.e., consistency, accuracy, and reliability) [221].

Smartphones have become widely popular worldwide,
leading to their utilization in smartphone-based wearable
biosensing devices [220]. In these sensing systems, smart-
phones work based on applications or software to provide a
convenient means for processing, storing, transferring, and
displaying data through cloud servers andwireless communi-
cation. For example, a decision-making unit for a wearable
and portable biosensor was developed using a smartphone
with an iOS platform for displaying and sharing results
through a cloud server based on the Internet of Things (IoT)
[222]. This decision-making unit used an application to dis-
play the data results on a graphical user interface.

The final important unit is the power source, which is
mandatory formost wearable biosensors. There are two com-
mon ways to supply voltage: (i) installing bulky and rigid
batteries [223] and (ii) integrating energy harvesting tech-
nologies (i.e., wireless charging and self-powering) [224].
In the case of external energy, a high-capacity power source
with long-life usage remains one of the biggest challenges
in the development of wearable biosensing devices. High-
capacity batteries can increase volume (size and weight),
reducing comfortability and feasibility when continuously
wearing devices. Wireless energy transfer has been used as
an effective method to reduce the size of batteries and sensor
devices while facilitating charging and power supply sources
[223]. In the context of energy harvesting, the power source
for sensor devices is directly derived from the external envi-
ronment or the human body, constituting what is known as
self-poweredwearable biosensors. These devices can harvest
energy through various phenomena in individuals or groups:
catalysis, piezoelectric effect, optoelectronics, triboelectric
effect, thermoelectric (TE) effect, and electromagnetic radi-
ation [225]. Importantly, materials used for the preparation
of power units must adapt to the essential characteristics of
wearable biosensors in terms of flexibility, stretchability, and
biocompatibility, along with a high energy density.

Recently, sensing units of CP-based wearable biosensors
have been designed and constructed in the form of organic
thin-film transistors, such as organic field-effect transistors
(OFETs), organic electrochemical transistors (OECTs), and
electrolyte-gated organic field-effect transistors (EGOFETs).
A CP-based OFET device comprises three main electrodes
(source, drain, and gate electrodes) and a CP layer [226].
The CP semiconductor layer is connected to all electrodes,
and its charge density is controlled by applying an elec-
tric field to the gate electrode. Generally, CP-based OFET

biosensors are three-terminal electronic devices that can be
designed in four different configurations, depending on the
position of the gate electrode and the contact point between
the CP channel and the dielectric layer (Fig. 10a) [227]. The
working mechanism of CP-OFET biosensors involves intro-
ducing carriers and generating a conductive channel at the
interface of the CP layer and dielectric layer after apply-
ing a gate voltage. Carriers then flow from the source to
the drain because of the source–drain voltage. The sensing
performance of CP-OFET biosensors can be influenced by
key parameters such as mobility and the on/off current ratio,
which are extracted from the transfer and output curves.
Meanwhile, OECTs are electronic devices that transduce
ionic signals into electronic signals at low electrochemi-
cal potentials (<1 V) due to the unique properties of CPs,
which exhibit both ionic and electronic conductivity [228].
Consequently, CP-OECTs have been widely employed in
the design of biosensor devices with low power, high envi-
ronmental stability, and amplification of low bioelectronic
signals [229]. To construct CP-OECT biosensors, the OECT
integrates ion-permeable CPs in its active channel and oper-
ates in an electrolyte medium (Fig. 10b) [230]. The CP
channel undergoes volumetric doping or de-doping by elec-
trolyte ions injected by a gate electrode. Using electrolyte
media to connect ionic and electronic charges within the CP
channel allows OECTs to amplify the voltage significantly
and effectively detect binding events. Therefore, OECTs can
be designed for miniaturization and operated with low-noise
recordings thanks to their efficient on-site amplificationof the
input signal, making them particularly suitable for wearable
biosensors [230, 231]. Recently, EGOFETs have emerged as
promising building blocks for enhanced biosensor devices
due to their excellent stability in an aqueous environment,
very low-voltage operation, and efficient amplification of
biological signals [232]. EGOFETs have a structure similar
to that of OECTs, but ions in the electrolyte cannot pene-
trate the CP active layer. Although their operation principle
is similar to that ofOFETs, the dielectric layer inEGOFETs is
replacedby an electrolyte [233]. In a basicEGOFET, the elec-
trolyte directly contacts both the gate electrode and the CP
channel. When gate, source, and drain voltages are applied,
ions (either cations or anions) drift into the electrolyte and
accumulate at the gate electrode and CP channel. Similar
to OECTs, EGOFETs operate at low voltages. This is possi-
ble because of the robust electrostatic interaction between the
electrolyte, gate electrode, and channel interfaces. This char-
acteristic provides a significant advantage in designing and
miniaturizing wearable biosensors. Moreover, unlike con-
ventional OFETs, the gate in EGOFETs does not need to
be precisely positioned in front of the CP channel because
charge modulation is easily achieved through ion accumula-
tion or depletion within the electrolyte. Therefore, the gate
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Fig. 10 a Basic architectures of different types of conjugated poly-
mer organic field-effect transistor (CP-OFET) biosensors depending
on the gate electrode and the interface of CPs and dielectric layer:
(a1) top gate top contact; (a2) top gate bottom contact; (a3) bottom
gate bottom contact; (a4) bottom gate top contact. Reproduced from
Ref. [227], Copyright 2021, with permission from the authors, licensed
under CC BY. b Organic electrochemical transistor (OECT) biosen-
sor based on poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS) for virus detection. Reproduced from Ref. [230], Copy-
right 2021, with permission from the authors, under exclusive licence
to Springer Nature. c Various configurations of the electrolyte-gated
organic field-effect transistors (EGOFETs) based on the gate electrode
architecture: (c1) top gate, (c2) bottom gate, (c3) side gate, and (c4)
floating gate configurations. Reproduced from Ref. [235], Copyright
2021, with permission from Springer Nature
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in EGOFETs can be deposited in a lateral and coplanar posi-
tion relative to the source and drain electrodes, significantly
simplifying the fabrication process [234]. EGOFETs can be
designed and fabricated in several architectures depending on
the position of the gate electrode relative to the CP channel,
including top-gated, bottom-gated, side-gated, and floating-
gated geometries (Fig. 10c) [235]. The top-gated geometry
is the most common architecture used for the development of
high-sensitivity label-free biosensors [236, 237]. It positions
the gate directly over the CP channel, with the electrolyte
directly probing both the gate and channel. The bottom-gated
geometry, which uses a solid electrolyte to separate the gate
and the CP channel, is less common. The side-gated geom-
etry involves positioning the gate in the same plane as the
CP channel. The floating gate architecture is designed with
two separate electrolyte compartments (I and II) connected
by a gold electrode (a floating gate), with another gate used
as a control gate. In biosensor devices, capture molecules
are deposited on the floating gate in electrolyte compartment
II to bind with target molecules and generate electric sig-
nals. The two-electrolyte system prevents direct contact and
adsorption of target molecules onto the CP channel, thereby
enhancing sensitivity and long-term stability [235].

Recent innovations in CP-based wearable
biosensors

Smart wearable biosensors are envisioned as one of the most
crucial biomedical devices for protecting human life. Numer-
ous efforts have been made to fabricate next-generation
wearable biosensors and herald in a new revolution in flexi-
ble and wearable bioelectronics. These innovative wearable
biosensors boast interesting characteristics like real-time and
simultaneous monitoring of human health and the environ-
ment, biocompatibility, biodegradability, bioresorbability,
miniaturization, reliability, and applications in displayers
and robotics. The recent exploration of electronic skin (e-
skin) and implantable biosensing devices has accompanied
the rapid development of patient-friendly medical diagnostic
technologies [238]. Incorporating CPs into these biosensing
devices helps advance POC sensing devices and implantable
platforms with unique functionalities.

Self-powered smart electronic skin biosensors

E-skin with skin-like properties (i.e., transparent, soft, and
thin) is a unique flexible wearable sensor that can be attached
to human fingers, arms, or other parts [239]. It has similar
features to human skin in terms of mechanical durability,
stretchability, and sensitivity to temperature and pressure
[195]. Furthermore, e-skin is likely to have better capabilities
than normal human skin by integrating advanced materials

or bioelectronics devices. Consequently, soft e-skin has been
recognized as the next generation of wearable biosensors
for personalized health monitoring at the molecular level
[201]. However, existing e-skin platforms often use power
sources from conventional batteries or near-field communi-
cation. To develop novel e-skins for the next generation of
robotics andwearable biosensor devices, power sourcesmust
be wirelessly provided or self-generated. Despite numerous
recent attempts to optimize energy harvesting from human
motion, body heat, and solar light, e-skin biosensors with
self-powered ability have faced limitations due to their inad-
equate long-term continuous usability of energy sources and
low power efficiency. Several sources can provide energy for
free-battery self-powered e-skin devices, including mechan-
ical energy, solar energy, electromagnetic energy, thermal
energy, and biofuel energy [240]. Recently, organic CPs
were used for designing self-powered e-skin devices. These
devices demonstrated great potential for energy-smart e-skin
implementations owing to the superior advantages of CPs,
such as powerful spin-charge interactions, good stability,
biocompatibility, large-area solution processing ability, and
skin-like soft characteristics [241, 242].

Mechanical energy widely recognized as a ubiquitous
energy source, has been prominently utilized for the devel-
opment of self-powered e-skin. Nevertheless, themechanical
vibrations produced by the human body are low in fre-
quency, typically ranging from a few Hz to a few kHz.
Accordingly, recently developed triboelectric nanogenerator
(TENG) and piezoelectric nanogenerator (PENG) technolo-
gies have been integrated into self-powered e-skin devices
for harnessing ambient mechanical energy into electricity.
CPs such as PPy, PEDOT:PSS, and PANI are presently used
as potential triboelectric or piezoelectric materials for fab-
ricating high-performance wearable devices in both energy
harvesting and sensing roles [243–245]. For example,Ahmed
et al. successfully developed a printed smart e-skin wearable
biosensor boasting multifunctional and high sensitivity to
mechanical, light, and temperature stimuli, as well as high
energy conversion capability (Fig. 11a) [246]. The e-skin
biosensor used a blending system of poly(3-butylthiophene)
(a CP) as an active layer that effectively served dual roles:
(i) as a highly multiresponsive transducer to electrical, ther-
mal, and photonic stimuli; (ii) as an energy harvester for
TENG.Moreover, this smart e-skin biosensor was fabricated
using a scalable and straightforward printing technique and
exhibited outstandingmechanical properties, including ultra-
flexibility, stretchability, and comfortability. In another study,
a TENG-integrated e-skin biosensor based on PDMS/PANI
nanostructures was introduced for real-time monitoring of
body temperature (Fig. 11b) [247]. The e-skin biosensor
consisted of seven PANI units with high sensitivity to the
local skin surface temperature, along with good stability
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Fig. 11 a Schematic illustration of a smart e-skin multifunctional
and self-powered biosensor based poly(3-butylthiophene) for detect-
ing mechanical, light, and temperature stimuli. Reproduced from Ref.
[246], Copyright 2020, with permission from Elsevier. b Fabrication
process and practical application of a self-powered polyaniline (PANI)

e-skin biosensor for the detection of human body temperature. Repro-
duced from Ref. [247], Copyright 2019, with permission from Elsevier.
cWireless battery-free wearable biosensor for monitoring human sweat
biomarkers. Reproduced fromRef. [223], Copyright 2020, with permis-
sion from the authors, licensed under CC BY-NC

and high accuracy for temperature detection. The PANI e-
skin’s practical applicability was demonstrated in detecting
body temperature without the need for additional exter-
nal power sources. To enhance the efficient extraction of
power from body motion, wireless, battery-free wearable e-
skin biosensors have recently gained significant attention for

their noninvasive health monitoring capabilities. Song et al.
proposed a highly robust, scalable, and battery-free wear-
able biosensing platform based on freestanding TENG and
different CP transducers (PANI and PEDOT) for dynamic
monitoring of the main sweat biomarkers, including pH and
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Na+ (Fig. 11c) [223]. This TENG-powered wearable biosen-
sor system was fabricated on a printed mold with mass
productivity and high reliability. The wearable biosensor
effectively detected different sweat biomarkers through on-
body human trials and wirelessly transmitted signals to user
interfaces. Therefore, these studies demonstrate that coupling
a CP-based e-skin biosensor and TENG in a unified platform
holds enormous potential for future robust wearable bioelec-
tronics and self-poweredmultifunctional nanosystems reliant
on mechanical energy sources.

Biofuel cells are regarded as an ideal and sustainable
energy source, and the construction of self-powered e-skin
devices integrated with biofuel cells has been an impor-
tant development strategy for powering future e-skin devices
[248]. Biofuel cells harvest biochemical energy from body
fluids such as human sweat, saliva, urine, and blood through
biocatalytic oxidoreductase reactions. Compared with other
energy sources, bioenergy has several prominent advan-
tages. It is environmentally friendly, has excellent biological
compatibility, and is simple to integrate, facilitating the
advancement of self-powered on-body e-skin biosensors.
Moreover, when integrated into e-skin bioelectronic devices,
it can enable an accurate and timely assessment of the level of
biological components in the human body through changes in
electricity output. Therefore, the use of biofuel cells as a self-
powered source of e-skin biosensors has gained great interest,
with twomain types of biofuel cells recently integrated into e-
skin devices, namely microbial-based and enzymatic-based
biofuel cells [249]. The former uses living cells for catalyz-
ing the fuel oxidation reactions with an energy value ranging
from 10 to 24 μW/cm2, while the latter employs enzymes
with a higher value of 32 μW/cm2 for this purpose [250].
Nevertheless, existing biofuel cells are often limited by low
power densities and short lifetime. Recently, numerous stud-
ies have attempted to increase their power densities to the
range of mW/cm2 to sufficiently supply the necessary power
of e-skin devices. Jia et al. reported a noninvasive epidermal
biofuel cell exhibiting a high-power density (70 μW/cm2)
using lactate in the human body fluid and demonstrated the
applicability of this biofuel cell in a wearable sweat sensor
[251].

Nonetheless, for practical on-body applications and inte-
gration into e-skin electronic circuit-basedwearable systems,
biofuel cells must generate much higher power densities. To
address this need, Yu et al. developed highly efficient lactate
biofuel cells using 0D to 3D nanostructures constructed from
different materials (e.g., CNTs and graphene oxide), with
the aim of enhancing power intensity and long-term stability
(Fig. 12a) [252]. The biofuel cell in this study generated a
record-breaking power density (approximately 3.5mW/cm2)
from lactates in untreated human sweat and demonstrated
excellent stability over 60 h of continuous operation. Fur-
thermore, the lactate biofuel cell was used to supply power

to a flexible, fully PEDOT e-skin device capable of simulta-
neously detecting multitarget metabolic analytes, including
NH4

+, urea, glucose, and pH (Fig. 12b). The e-skin biosensor
was connected to a mobile device via Bluetooth to wirelessly
transmit the collected data to the user interface.

Therefore, using on-body biofuel cells to harvest energy
from human biofluids is a potential “green” approach to
power wearable biosensor devices. It is crucial to note that
the energy output density of biofuel cells is significantly
influenced by sweat levels. Thus, using biofuel alone faces
significant limitations in terms of consistent power supply
due to the fluctuating concentration of sweat. Sweat-based
biofuel cells along with a storage supercapacitor have been
posited to offer a highly stable energy intensity and good
rechargeability over a long period. Based on this hypothesis,
Lv et al. introduced a stretchable and wearable textile-based
hybrid supercapacitor–biofuel cell system for powering e-
skin biosensors [253]. This system was a hybrid device
printed on fabric, wherein one biofuel cell (BFC)modulewas
printed inside to scavengebiochemical energy, andone super-
capacitor (SC) module was embedded outside for energy
storage (Fig. 12c). Due to the SC module, the power energy
from the BFC module was highly stable for a long time
(Fig. 12d), highlighting this hybrid self-power energy sys-
tem as a promising approach for improving the stability of
power energy output in wearable e-skin biosensors. Thanks
to these recent advancements, bioenergy is considered one of
the most promising sustainable sources for powering nano-
and micro-e-skin bioelectronics within the human body.

Over the last few decades, the TE effect has emerged
as an effective method for converting heat into electric-
ity based on the Seebeck effect [240]. Typically, human
skin temperatures tend to be slightly higher than the ambi-
ent environment, and physical activities can generate heat
(60–180 W) through heat convection and radiation due to
the temperature contrast between the human body and its
surroundings. Recently, TE generators, specialized devices
that convert body heat into electricity, have garnered signif-
icant interest in the realm of energy harvesting technologies
for self-powered wearable electronics. Inorganic compounds
are the bestmaterials to construct TEgenerators, but their low
abundance and complex fabrication routes have highly lim-
ited their applications. Meanwhile, organic TE materials are
a promising alternative for designing high-performance TE
generators in wearable and mobile biosensor devices thanks
to their good flexibility, natural abundance of base elements,
biocompatibility, light weight, and simple solution process-
ability [254]. Among organic TE materials, CPs, especially
PEDOT, hold the most potential for fabricating practical TE
generators in wearable e-skin biosensors because of their
high conductivity and Seebeck coefficient originating from
conjugated π bonds [255, 256]. For instance, an intrinsically
stretchable TE generator module was recently introduced
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Fig. 12 a Schematic illustration
of a lactate biofuel
cell-integrated, self-powered soft
e-skin for multiplexed human
sweat sensing: (a1) a
battery-free, biofuel-powered
e-skin biosensor connected with
a mobile user interface through
Bluetooth; (a2, a3) optical
images of the e-skin biosensor on
a human’s arm (scale bar:1 cm).
b Sensing performance of the
battery-free, biofuel-powered
e-skin biosensor: (b1) schematic
illustration of a poly(3,4-
ethylenedioxythiophene)
(PEDOT) e-skin biosensor array
for simultaneous urea and NH4

+

monitoring; (b2, b3) responsivity
of the sensor over various
concentrations of NH4

+ and urea,
respectively; (b4) schematic
illustration of a PEDOT e-skin
biosensor array for simultaneous
glucose and pH sensing; (b5, b6)
responsivity of the sensor over
various concentrations of glucose
and pH, respectively.
Reproduced from Ref. [252],
Copyright 2020, with permission
from the authors, under exclusive
license to American Association
for the Advancement of Science.
c Integrated biofuel self-powered
e-skin device on the textile.
d Real-time voltage output of the
printed biofuel self-powered
e-skin device over time.
Reproduced from Ref. [253],
Copyright 2018, with permission
from the Royal Society of
Chemistry. e, f Optical images of
an intrinsic poly(3,4-
ethylenedioxythiophene):
poly(styrenesulfonate)
(PEDOT:PSS) thermoelectric
(TE) generator and
dual-parameter sensor attached
to the human arm. Reproduced
from Ref. [258], Copyright 2015,
with permission from the authors,
licensed under CC BY 4.0

with high TE properties based on a PEDOT:PSS compos-
ite [257]. The TE performance of this stretchable generator
module was maintained under parallel and perpendicular
strain conditions and long-term storage in ambient conditions
thanks to the high stability of the PEDOT:PSS compos-
ite. Therefore, PEDOT-based stretchable TE generators are

expected to be a potential source of electric energy for on-
bodybiosensor devices. Zhang et al. successfully developed a
wearable dual-parameter temperature–pressure sensor with
high flexibility and self-powered ability based on a PED-
TOT:PSS thermoelectric generator (Figs. 12e and 12f) [258].
This wearable dual-parameter biosensor was self-powered
by a natural temperature gradient through the integrated
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TE generator, and it also showed outstanding temperature
and pressure sensing performance. Considering the excellent
sensing characteristics of CP TE-based wearable biosensors
and their remarkable advantages (low cost, biocompatibil-
ity, and large-scale production) outlined in the literature, CP
TE materials have been and will continue to be among the
most crucial materials crafting self-powered e-skin biosen-
sors used in human health monitoring.

Implantable biosensors

With the increasing development of advanced technologies
for personal POC diagnosis, implantable biosensors offer
great potential for real-time monitoring of target molecules
inside the human body. Current implantable biosensors can
be implanted into various parts of the body, including skin
tissue, the alimentary canal, internal organs, and nerve cen-
ters (such as the brain) [259]. Materials used for fabricating
implantable bioelectronic devices must satisfy some manda-
tory requirements (e.g., conformable tissue contact, tissue
biocompatibility, high stretchability, and self-healing abil-
ity). Mechanical properties (flexibility and stretchability) are
themost important parameters for materials used in wearable
biosensors attached to internal organs, skin tissue, and the ali-
mentary canal [260], whereas implantable biosensors in the
brain require novel materials with special mechanical fea-
tures (similar flexibility and characteristics to the brain) and
very high biocompatibility and adaptability to the central ner-
vous system without any interfering effect [261]. Therefore,
a number of advanced materials with diverse mechanical,
electrical, and chemical characteristics have been studied
and developed for integration into implantable biosensors.
This aims to facilitate precise monitoring of chronic diseases
and healing processes within the central nervous system.
Among them, polymers have emerged as the preferred choice
for designing implantable biosensors due to their excellent
stretchability, self-healing ability, biodegradability, biocom-
patibility, and biosafety in vivo [262]. In particular, CPs
and CPHs have been widely used as neural electrodes in
wearable and implantable biosensors. CPHs have fascinat-
ing properties that can be appropriate for use as the next
generation of wearable and implantable biosensors: (i) excel-
lent biointegration properties such as high extensibility, good
self-healing, and high tissue-interface-adhering abilities; (ii)
the ability to sensitively and effectively respond to vari-
ous physicochemical factors (temperature, pressures, pH,
and urea) due to the diversity of the hydrogen bonds; and
(iii) bidirectional electrophysiological signal-transmission
ability and high biocompatibility, making them potentially
suitable for therapeutic applications [20]. For example, CPHs
have demonstrated their applicability in multipurpose sens-
ing implementations, serving as both wearable sensors and
implantable neural interfaces (Fig. 13a). These applications

include (i) a wearable biosensor (strain or human motion,
temperature, and sweat sensors) formonitoring human health
and (ii) an implantable biosensor for neural recording, diag-
nosis, and treatment (Fig. 13a) [263].

Thanks to these favorable properties, the use of CPHs
for fabricating wearable and implantable biosensors has
been extensively documented as a promising strategy that
can integrate long-term biological integration, multifunc-
tional sensitive sensors, and therapeutic functions. Sun et al.
used a biocompatible multifunctional PEDOT:PSS CPH
to construct an implantable bidirectional neural interface
that can function as a neural biosensor and therapeutic
electrostimulator (Fig. 13b) [263]. Accordingly, the CPH
was prepared using a combination of ureidopyrimidinone,
tyramine, gelatin, andPEDOT:PSS. It exhibited high conduc-
tivity, stretchability, fast self-repairing, good tissue adhesion,
and high sensitivity to various stimuli. When implanted into
the dura mater of themotor cortex in the rat brain, the biosen-
sor showed measurable signals with high intensity and low
noise due to better communication between the PEDOT:PSS
CPH and the brain surface for recording, amplifying, and
transmitting neural signals. In addition, the implantable
PEDOT:PSS biosensor showed therapeutic electrostimula-
tion capabilitieswithout causing neuroinflammation. In other
studies, Kim et al. [264] and Ravichandran et al. [265] suc-
cessfully fabricated implantable biosensors based on the
CPHs of PPy and used them as electrodes for effectively
detecting tissue glucose levels and bladder volume. In these
studies, PPy-basedCPHswere prepared by cross-linkingPPy
with agarose or collagen, followed by patterning or molding
CPHs into various structures. The PPy-based CPHs showed
excellent properties, including biocompatibility, long-term
stability within body conditions (temperature and pH), and
adjustable levels of degradability and conductivity. The PPy
CPH implantable biosensors were shown to be suitable plat-
forms for accurately monitoring blood glucose levels and
bladder volume. The results of these studies indicate that
CPHs are fascinating materials that can help contribute to
the development of wearable and implantable biosensors for
human–machine interaction research.

Transparent neural electrodes have recently gained
research attention for constructing wearable and implantable
biosensors that work simultaneously with optical tech-
niques [266, 267]. These transparent electrodes enable easy
observation of biotissues by optogenetics or optical coher-
ence tomography. Silk hydrogels are an ideal platform for
preparing transparent neural electrodes due to their highly
biocompatible and environmentally friendly features [268].
However, the synthesis of silk hydrogels with highly trans-
parent and stretchable features is limited due to the lack of
silk materials. In addition to the aforementioned desirable
mechanical, electrical, and self-healing properties, CPs—in
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Fig. 13 a Schematic illustration
of a conjugated polymer
hydrogel (CPH) with
multifunctionalities working as a
wearable/implantable biosensor.
b A poly(3,4-
ethylenedioxythiophene)
(PEDOT) CPH-based
implantable biosensor for
diagnosing nerve signals: (b1)
optical images of an implanted
PEDOT CPH electrode at a rat
motor cortex; (b2)
electrocardiogram signals
recorded by the PEDOT CPH
biosensor. Reproduced from
Ref. [263], Copyright 2023, with
permission from the American
Chemical Society. c A
transparent silk PEDOT
CPH-based electrode for optical
monitoring of neurons: (c1) an
optical image of the electrode
implanted into a rat brain; (c2,
c3) schematic illustration and
photograph of the optical
monitoring of the stroke rat brain
through the photothrombosis
process. Reproduced from Ref.
[269], Copyright 2021, with
permission from Wiley-VCH
Verlag GmbH & Co. d Optical
image of the 3D-printed
PEDOT:PSS CPH soft neural
electrode (scale bar: 1 mm).
e Photographs of the 3D-printed
PEDOT:PSS CPH soft probe
implanted into the mouse brain
(scale bar: 2 mm). Reproduced
from Ref. [198], Copyright 2020,
with permission from the authors,
licensed under CC BY 4.0
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particular, PEDOT:PSS—show high transparency in thin-
film form, making them suitable silk materials for silk
hydrogel preparation. Based on this approach, a transparent
and stretchable silk CPHwas successfully obtained by incor-
porating PEDOT:PSS and PEGylated silk protein [269]. The
synergistic effect of PEGylated silk protein and PEDOT:PSS
improved stretchability (approximately 400%) and long-term
electrical stability of the silkCPH.ThePEDOT:PSS silkCPH
was also used to fabricate a transparent neural electrode and
implant it into the rat brain (Fig. 13c). The electrode demon-
strated excellent performance in continuously monitoring
neural activities in rats with stroke during the photothrom-
bosis process. Therefore, transparent and stretchable silk
CPH-based electrodes offer a practical and effective means
for developing implantable biosensors aimed at optically
monitoring neurons.

Despite recent advancements in CP-based wearable and
implantable biosensors, existing CP fabrication technologies
and implantable electronic devices present significant lim-
itations. These limitations include low-resolution patterns,
multistep processes, and small-scale production [96], con-
siderably impeding innovations and the broader application
of CP-based implantable biosensors. 3D printing technolo-
gies have recently been offered as a straightforward method
for fabricating micro- or nanoscale CPH nanostructures
in a programmable manner for bioelectronic devices. For
instance, Yuk et al. employed 3D printing technology to
design flexible PEDOT:PSS CPH electronic circuit patterns
into high-resolution and high-aspect-ratio microstructures
(Figs. 13d and 13e) [198]. The PEDOT:PSS CPH soft elec-
tronic device was also used as a neural probe for in vivo
monitoring of bioelectronic signals in rat brain. Using the 3D
printing technique, nine PEDOT:PSS microelectrode chan-
nels were patterned on a soft probe, each with a diameter of
30 μm, which was suited for the in vivo monitoring of con-
tinuous neural activities. Moreover, each single unit in the
3D-printed PEDOT:PSS CPH soft neural probe was able to
monitor and record distinctive signals. Therefore, the devel-
opment of advanced 3D printing technologies holds potential
for fabricating and implementing CP-based wearable and
implantable biosensors in human healthcare.

Conclusions and perspectives

CP ultrathin films with highly conductive and mechanically
flexible properties are some of the most suitable materials
for fabricating highly flexible and stretchable electrodes in
wearable biosensors. CPs have seen growing utilization in
creating active flexible electrodes for wearable biosensors
that enable real-time monitoring of various physicochem-
ical parameters and human health. CPs are commonly
used to enhance biocompatibility, stability, sensitivity, and

response time in wearable biosensors. Compared to other
sensing materials such as metal oxides, CPs offer several
superior advantages, including sufficient conductivity, high
biocompatibility, excellent mechanical stability, solution-
phase processability, high flexibility and stretchability, and
good optical properties. Moreover, CPs have been constantly
evolving in various unique nanostructures and hybridiza-
tions to meet the rigorous standards and requirements of
next-generation wearable biosensors. To date, a variety of
CP nanostructures and hybridizations have been successfully
developed and used to construct high-performance wear-
able biosensors, including one-dimensional nanostructures
(nanowires, nanofibers, and nanotubes), nanoporous struc-
tures, andCPHs.Among theseCPnanostructures, CPHs hold
the most promise due to their highly flexible and stretch-
able biosensors. Moreover, recent innovations in CP-based
wearable biosensors have focused on the development of
a new revolution in flexible and wearable bioelectronics.
These innovative wearable biosensors have many unique
characteristics and functionalities, including real-time and
simultaneous monitoring of human health and the envi-
ronment, transparency, biocompatibility, biodegradability,
bioresorbability, miniaturization, reliability, and capabilities
in displayers and robotics. Today, e-skin and implantable
biosensing devices represent two of the most promising
explorations in rapidly advancing patient-friendly medical
diagnostic technologies. However, the practical applicability
of CP-basedwearable biosensors on/in the human body faces
some critical challenges: (i) constructing a fully integrated
bioelectronic device based on a single CP active layer; (ii)
addressing mass production concerns; (iii) maintaining the
soft resilience of the natural skin over prolonged durations;
(iv) utilizing recyclable substrate materials; and (v) ensur-
ing multifunctional sensing properties (rapid response, low
detection limit, and high sensitivity), alongwith good stretch-
ability and stability, comfortability, and biocompatibility.

With the ongoing development and evolution of smart
skin-like electronic technologies, advanced functional mate-
rials are continuously being developed and applied for
wearable biosensors. From amaterial perspective, enhancing
CP properties and functionalities can be achieved by inte-
grating them with other novel materials such as MXenes,
perovskites, quantum dots, natural polymers, superplastic
materials, and natural product-based materials. This inte-
gration can help fulfill the stringent requirements of the
next generation of wearable/implantable biosensors. With
the use of these advanced materials, CP-based devices are
projected to undergo considerable miniaturization, leading
to improved wearability and a simplified fabrication pro-
cess.Moreover, skin-interfaced biosensors that do not irritate
the skin over long-term use can be developed. In particu-
lar, future CP-based wearable biosensors will be designed
with human-like skin properties and used to substitute human
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skin and other human organs. Furthermore, the accuracy of
CP-based wearable biosensors is expected to improve sig-
nificantly by creating multimodal and/or multiplexed smart
platforms and integrating machine learning. Compact CP-
based wearable biosensor devices can be more accurately
operated using cloud computing and IoT technologies. In the
future, 3D-based printing technologies are expected to have
broader use for patterning CP active layers and fabricating
wearable biosensors on a larger scale. To improve sustain-
ability, solar cells are expected to be an ideal energy source
for self-powered wearable biosensors, leveraging the excel-
lent optical properties of CPs. Therefore, CP-based solar
photovoltaic devices and technologies will undergo dramatic
development to effectively provide energy for self-powered
wearable biosensors.
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