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Recent advances in PEDOT/PProDOT-derived
nano biosensors: engineering nano assemblies
for fostering advanced detection platforms for
biomolecule detection

Jayakrishnan Aerathupalathu Janardhanan ' * and Hsiao-hua Yu "= *

With the recent unprecedented emergence of a global pandemic, unknown diseases and new metabolic
patterns expressing serious health issues, the requirement to develop new diagnostic tools, therapeutic
solutions, and healthcare and environmental monitoring systems are significantly higher in the present situ-
ation. Considering that high sensitivity, selectivity, stability and a low limit of detection (LOD) are inevitable
requirements for an ideal biosensor, the class of conducting polymers of poly(3,4-ethylenedioxythiophene)
(PEDQT) and recently poly(3,4-propylenedioxythiophene) (PProDOT) materials have been demonstrated to
be promising candidates for designing sensor devices. Nanostructure engineering of these polymeric
materials with tunable surface properties and side chain functionalization to enable sensor probe conju-
gation combined with signal amplification devices such as OECTs and OFETs can fulfil the requirements of
next-generation smart nano-biosensors. In this review, we analyze recent reports on PEDOT/PProDOT
nanostructures and nanocomposites for developing nano-biosensors and their application in the detection
of different biomarkers, environmental, toxicology, marine and aquatic monitoring, forensic and illicit drug
detection, etc. In addition, we discuss the challenges associated with the design of PEDOT/PProDOT nano-
biosensors and future perspectives on the exploration of novel sensor platforms, particularly PProDOT

rsc.li/nanoscale

1. Introduction

The field of electrically conducting polymers has been growing
since the groundbreaking discovery by Alan Heeger, Hideki
Shirakawa and Alan MacDiarmid reported that oxidized poly
(acetylene) exhibits electrical conductivity. Their pioneering
work exploring the transformation of insulating ‘plastic’
materials into electrically conducting building blocks unfolded
a new era of electrically conducting polymers."™ The Nobel
Prize in Chemistry was awarded to Heeger, Shirakawa, and
MacDiarmid for the discovery of electrically conducting poly-
mers, signaling the development of this research field. The
perspective of organic chemists to tailor the intrinsic conduct-
ing properties of materials by exploring (hetero) aromatic rings
created a new library of organic conducting polymeric
materials made up of naphthalene, anthracene, pyrrole, thio-
phene and phenylene.”” Among the various conducting poly-
mers reported to date, polydioxythiophene derivatives, particu-
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derivatives for bioelectronics and novel design strategies for next-generation smart nano-biosensors.

larly poly(3,4-ethylenedioxythiophene) (PEDOT) and recently
poly(propylenedioxythiophene) (PProDOT)-derived materials,
have attracted much more attention due to their unique pro-
perties such as low oxidation potential, ease of side chain
functionalization, superior biocompatibility, soft nature and
film-forming ability.*>* Engineering nanostructures of
PEDOT/PProDOT derivatives endow them with potential for
diverse applications in materials, biotechnology, electronics,
bio-sensing, tissue engineering, environmental monitoring,
forensic science, etc. In this review, we focus on the molecular
design strategy, diverse nanostructure engineering and appli-
cations of PEDOT and PProDOT and their composites for bio-
sensing (Scheme 1).

2. Poly(3,4-ethylenedioxythiophene)
(PEDOT) - a versatile candidate with
unbeatable properties

As one of the most successful conducting polymers with versa-
tile properties both in fundamental and practical applications,
PEDOT is considered a shining star among the reported con-
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Scheme 1 Overview of the development of PEDOT/PProDOT nano-
biosensors. The sensor platform design strategy involves: (i) molecular
architecture of EDOT/ProDOT monomers tailored with various func-
tional groups. (ii) Polymerization of monomers to impart diverse nano-
structures such as nanotubes, nanodots, nanowires, nanofibers and
nanocomposites. (iii) Exploration of nano-sensor platforms with sensor
probes for analyte detection such as biomarkers, biohazards, toxic
chemicals, metabolites, pathogens, and infectious diseases.
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ducting polymers with widespread applications in electronics,
electric, anti-stacking, and electrode materials, inkjet printing,
biomedical engineering, sensor development and many
more.>** PEDOT was developed in the Bayer AG laboratories
in the late 1980s from the corresponding EDOT monomer.>®
Later, the modification of the PEDOT material with the water-
soluble poly(styrene sulfonic acid, PSS) resulted in another
novel polymeric material known as PEDOT:PSS, possessing
excellent conductivity, stability, biocompatibility and transpar-
ency. To date, PEDOT:PSS has been widely applied in elec-
tronics, electrical and thermoelectric generators, photolitho-
graphy, antistatic coatings, electrolyte in capacitors, batteries,
solar cells, touch screens, organic light-emitting diodes,
organic electrochemical transistors, etc.>”** Furthermore,
several PEDOT derivatives were designed by researchers con-
sidering their extraordinary properties, wide substrate scope to
design novel molecular scaffolds and potential utility in
diverse areas including electrode platforms, battery develop-
ment, solar cells, electrochromic devices, organic electro-
chemical transistors (OECTs), field effect transistors (FETs),
advanced bioelectronic platforms, wearable and flexible
sensors, coatings, organic light-emitting diodes (OLEDs), and
different display applications.?®*~>!

The conventional design of EDOT monomers mainly
involves two methods, which can be found in many reports in
the literature. Briefly, the first synthetic route involves the use
of thiodiglycolic acid reagent and a cyclization reaction to
produce a thiophene ring. Subsequently, EDOT derivatives are
synthesized by either Mitsunobu reaction or base-catalyzed
ring opening of epichlorohydrin derivatives. Finally, hydrolysis
and reduction reactions result in the formation of the desired
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product. However, this old method has certain limitations
including more synthetic steps compared to the second route,
in which the Williamson etherification reaction of 3,4-
dimethoxythiophene with 1,2-diols (EDOTs) or 1,3-diols
(ProDOTs) can produce diverse EDOT/ProDOT derivatives
(Scheme 2A). Although this route is expensive compared to the
other route, a number of novel EDOT/ProDOT derivatives were
synthesized using this approach.

The commercialized hydroxymethyl-appended EDOT
(EDOT-OH, EDOT-MeOH or EDOT-M) is one of the most
widely explored monomers in the EDOT family, highlighting
the facile conversion of the hydroxyl group to other useful
functional groups such as ester, carboxylic acid, alkyl, aro-
matic, alkyne, azide, amine, sulfonate, perfluoro, maleimide,
phosphorylcholine, sulfobetaine, ethylene glycol, and boronic
ester groups. Furthermore, chloromethyl- or bromomethyl-
appended EDOT has also served as an interesting starting
material to design more EDOT derivatives including ionic
liquids such as imidazolium-incorporated EDOT, EDOT-SH,
EDOT-azide, EDOT-amine, EDOT-acrylate, and EDOT-anthra-
quinone (Scheme 2B).

Poly(3,4-propylenedioxythiophene) (PProDOT, monomer
denoted as ProDOT), another member of the PEDOT family,
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Scheme 2 (A) Representative synthetic route for EDOTs and ProDOTs.
(B) Examples of EDOT/ProDOT derivatives.
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has not been explored as widely as many other PEDOTS.
However, one of the most exciting features of PProDOT deriva-
tives is the synthesis of regio-regular polymeric scaffolds and
their superior electrochromic properties.>>* Very recently, a
set of C,-symmterical EDOTs were also developed by research-
ers, which are particularly interesting due to the presence of
chiral centers in the molecular scaffolds.’® There are many
reports discussing the chemistry of EDOT/ProDOT derivatives
and their polymeric structures as well as their applications in
different areas. Therefore, the detailed synthetic design strat-
egies for EDOT/ProDOT monomer scaffolds and the chemistry
of their corresponding polymer materials are beyond the scope
of this review. Alternatively, our objective is to discuss the pro-
spects of PEDOT and PProDOT derivatives for the design and
development of nano-biosensors with particular interest in the
engineering of different PEDOT/PProDOT polymeric nano-
structures/nanocomposites by various polymerization tech-
niques, which will be discussed in the following sections.

3. The bioelectronic interfaces (BEls)
— bridging material properties with
biological events

Biological systems are some of the most complex systems,
which confine the synergistic involvement of chemical, physi-
cal and many other genetic networks in multiple dimensions
and timescales. The human body is composed of millions of
components and its homeostasis is controlled through electri-
cal impulses coordinated by the brain. Accordingly, there are
many challenges associated with the incorporation of new elec-
tronic systems or external foreign materials in living organ-
isms, human tissues, proteins, small biological entities and
diverse cell environments because preserving their normal
homeostasis and healthy environment is extremely important
even after interfacing with electronics for sensing or regulating
different biological functions in the human body. Therefore, a
key in the design and development of novel bioelectronic inter-
face materials is that they must satisfy many criteria.””>°
Practically, it is not easy to incorporate readily available
electronic components such as metals and inorganic semicon-
ducting materials in the human body, even if they exhibit bio-
compatibility. In this case, one of the biggest challenges in the
incorporation of these materials as a human interface is their
high rigidity despite their high electrical conductivity and
mechanical stability. Given that human cells and tissues are
composed of soft materials, the incorporation of soft materials
as an interface can provide a better platform without severe
mechanical rupturing, enabling the possibility of their long-
term operation and lower interfacial capacitance. Thus,
organic molecules with electrical conductivities similar to
many semiconductor inorganic materials are promising candi-
dates to serve bioelectronic interface (BEI) materials.®*** The
advantage of using organic conducting polymers as a bioelec-
tronic interface mainly depends on the high biocompatibility

This journal is © The Royal Society of Chemistry 2024
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of polymer materials and their tunable surface properties,
such as surface roughness, surface morphology, higher flexi-
bility to cope with soft tissues in the human body, and easy
functionalization of their side chain to control their properties
according to the requirements at the bioelectronic interfaces.
However, the diverse biological platforms associated with
human tissues make the development of bioelectronic inter-
faces a challenging task for researchers.

Presently, conducting polymers serve as one of the superior
choices as bioelectronic interfaces due to their many chemical,
physical, mechanical and biocompatibility advantages. Many
studies have explored the utilization of PEDOT and its deriva-
tives as some of the best bioelectronic interfaces. PEDOT
derivatives with different functional groups and surface mor-
phologies have been designed and used in various applications
such as cell adhesion, bio-sensing, suitable materials to mimic
cell membranes, capturing agents for circulating tumour cells
and drug delivery. In this section, we focus on the strategic
design of PEDOT/PProDOT derivatives to build unique bioelec-
tronic candidates and their potential applications in bio-
sensing, cell functions, drug delivery, tissue-engineering, elec-
trode coatings, etc. The high biocompatibility and soft nature
of PEDOT/PProDOT materials demand careful engineering of
their molecular scaffolds to serve as bioelectronic platforms.
Post-modification of the polymer chain or monomer side
chain functionalization is widely used to design PEDOT/
PProDOT bioelectronic interfaces. The design strategy and
potential applications of PEDOT/PProDOT materials to serve
as bioelectronic platforms are discussed below.

3.1 Bio-sensing applications

Functionalized PEDOTs have been widely used to develop
high-efficiency sensor platforms. Recently, PProDOT deriva-
tives have also emerged as versatile materials for bio-sensing
applications, where different strategies have been developed
for the design of these sensor platforms. One interesting
approach involves the introduction of redox active species in
the side chain of PEDOT/PProDOT polymer scaffolds or
functionalization of monomers with redox molecules. In this
case, the redox system can be either a biomolecule such as an
enzyme molecule or molecules having redox characteristics
such as ferrocene, Prussian blue, methylene blue, phenazine
dye, and tris(bipyridine) ruthenium(m) [Ru(bpy)s]* (best known
for the development of electrochemiluminescence-based
sensors).

These sensor systems can monitor the changes in the bio-
logical environment during the interaction of biomolecules
with their surface. Consequently, they have been applied in the
development of wearable electronics for healthcare monitor-
ing, detection of toxic chemicals such as heavy metal ions and
volatile organic compounds (VOCs), drug detection, etc. For
example, Saleh et al. reported the use of PEDOT:PSS-modified
glucose oxidase (GOx) as the bio-recognition element and
ferrocene (Fc) as the redox mediator. The enzymatic mecha-
nism of sensing involves electrochemical reactions, where the
analyte glucose interacts with GOx (antigen-antibody) and

This journal is © The Royal Society of Chemistry 2024
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GOx is reduced with the generation of electrons, which shuttle
by Fc from the enzyme center to PEDOT:PSS. The electron
transfer leads to the reduction of PEDOT:PSS, which can be
monitored through different electrochemical methods.®
Besides the use of redox probes directly in the sensor
surface, PEDOT/PProDOT-based bioelectronic systems can be
designed using other bio-recognition probes such as anti-
bodies, aptamers, nucleic acids, cells, bacteria, viruses and
polymers via the molecular imprinting technique (MIP). Hai
et al. reported the sensing of human influenza virus (HIV) with
PEDOT bearing sialic acid-terminated trisaccharides.®* The
conjugation of 2,6-sialyllactose to oxylamine-bearing EDOT
enabled the successful immobilization of the bio-recognition
element. This sensor platform design highlights the ability to
achieve mass production and point-of care testing of the influ-
enza virus. Another virus sensor platform was developed by Ito
and co-workers in which a PEDOT-based electrochemical
peptide probe was designed to detect the influenza virus.®®
The interesting application of PEDOT/ProDOT bioelectronics
as promising sensor platforms was reported by Haya et al.
Their work highlighted the exploration of PEDOT and ProDOT
(COOH), conjugated with MUC1-specific aptamer as bioelec-
tronic scaffolds to detect Mucin-1, an epithelial glycoprotein.
The target analyte was a breast cancer biomarker.®®
Furthermore, the design of novel sensor platforms for drug
detection is highly demanding at present. Arvas et al. devel-
oped an electrochemical paracetamol sensor platform based
on hybrid PEDOT and piperazine-substituted triazole-cou-
marin modified on a flexible highly oriented pyrolytic graphite
electrode (HOPG).®” The sensing of organic pollutants and
toxic chemicals such as organophosphates is an important
application of PEDOT-derived materials. Nitrophenol (NP) is
an organic pollutant that is released in large quantities from
widespread industrial activities. Organophosphates such as
diethyl 2,4-dinitrophenyl phosphate (DEDNPP) and diethyl
4-nitrophenyl phosphate (Paraoxon) are toxic and harmful to
humans and the aquatic environment. Furthermore, these
toxic chemicals and pesticides can disrupt the food chain.
Moreover, organophosphates can be used as chemical
weapons and are classified as potent contaminants as well as
carcinogenic materials. Thus, the detection of these toxic
materials and pollutants is important for the survival of organ-
isms. Accordingly, an interesting sensor platform was devel-
oped by Hryniewicz et al. for the detection of nitrophenols and
organophosphates utilizing PEDOT materials.®® Metal sensing
is also another application of novel detection platforms.
Research outcomes have shown that many promising sensor
platforms have been developed for the sensing of heavy metal
ions. From the perspective of both environmental concerns
and human health, the detection of trace amounts of heavy
metals is particularly important. Ngoensawat et al. reported
the use of electrospun PEDOT and silver nanoparticles as a
catalyst-free approach to engineer a conductive platform for
the detection of heavy metals such as Zn (i), Cd(u), and Pb(i).%°
Presently, the design and development of PEDOT/PProDOT-
based materials for sensing applications have become hot
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research areas. The functionalization of polymer scaffolds to
detect the target analytes, combining signal amplification
devices such as OECT and OFET to enhance the sensitivity
allows the detection of low-concentration analytes.

3.2 Applications in drug delivery

Novel materials for the site-specific delivery of therapeutics
with reduced toxicity and patient tolerance with efficient
pharmacology impacts are in high demand for the treatment
of various diseases. In this case, polymeric materials have
attracted attention from researchers for use as payloads to
deliver drug molecules for chronic diseases. The site-specific
delivery of drug molecules and the immune response towards
foreign bodies when novel materials are implanted in the body
are the most challenging issues in designing novel materials.
Accordingly, PEDOT and its derivatives have been utilized as
drug delivery systems. PEDOT can be functionalized with
either drug molecules or nanoparticles, allowing the con-
trolled release of therapeutic compounds, and some of the
interesting reports are discussed here. In the work reported by
Boehler et al., the anti-inflammatory drug dexamethasone was
stored in PEDOT deposited on a flexible neural probe,
enabling unrestricted neural recording.”® Moreover, the design
allowed the controlled release of the drug molecules using the
cyclic voltammetry (CV) technique. This drug delivery system
has potential bioelectronic application in the fabrication of
anti-inflammatory electrodes and long-term stable neural
interfaces. Woeppel et al. reported the preparation of a hybrid
system of PEDOT/silica nanoparticles for the controlled deliv-
ery of sodium nitroprusside, a vasodilator. The carbon fiber
electrode with the drug delivery system was implanted in the
cortex of a mouse, exhibiting potential applications in neural
electrode-tissue interfaces with insight into neurovascular
coupling.”! In another work, PEDOT and RGD-alginate hydro-
gel was used for coating a cochlear implant. The work reported
by Chikar et al. demonstrated the successful release of brain-
derived neurotrophic factor (BDNF), an important protein for
the development and maintenance of the cochlea.”” Another
application of a PEDOT bioelectronic platform for drug release
was demonstrated by Hsiao et al The novel electric cell-
substrate impedance sensing (ECIS) consisted of PEDOT:PSS,
polyethylene oxide (PEO) and (3-glycidyloxypropyl) trimethoxy-
silane (GOPS) materials to encapsulate antitumor chemothera-
peutic agents such as doxorubicin (DOX), docetaxel (DTX), and
combination of DOX/DTX. The drug release and subsequent
monitoring of HeLa cells and MCF7 cells were performed
based on the impedance responses. This drug delivery bioelec-
tronic platform is a promising tool for drug-screening appli-
cations.”? PEDOT hydrogels have been used as promising plat-
forms for drug delivery. In a report by Sakunpongpitiporn
et al., they demonstrated the use of PEDOT:PSS-silk fibroin
hydrogels as payloads to deliver insulin through iontophor-
esis.”* Tremendous efforts are still on-going to design novel
bioelectronic systems based on PEDOT/PProDOT materials to
serve as drug delivery payloads. As mentioned before, site-
specific drug delivery with low-toxicity and high biocompatibil-
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ity are key considerations for novel drug delivery systems,
where novel material design strategies need to be adapted.

This method is beneficial for applications in tissue engin-
eering, regenerative medicine, or implanted drug delivery
systems given that it allows localized drug distribution, accu-
rate dosing, and sustained release profiles.

3.3 PEDOT/PProDOT materials as cell interface
bioelectronics

Bioelectronic materials have unique properties to combine
with cell interfaces. Given that the introduction of a foreign
body in living cells induces an immune response and high
possibility of rejection, the design of novel bioelectronic
materials should have significant cell-interface properties.
PEDOT materials have been proven as an excellent choice as
cell-material interface platforms to modulate cell functions.
There are many reports in which PEDOT/PProDOT materials
have been explored as cell interface platforms. Hsiao et al
developed a 3D-PEDOT-based bioelectronic interface platform
for capturing circulating tumor cells (CTC). The large-scale 3D
micro/nanorod arrays engineered from carboxylic acid-
appended PEDOT exhibited high biocompatibility and
efficiency to capture CTCs. This bioelectronic interface plat-
form is a promising candidate for use as a tumor cell-captur-
ing agent.”® Polymer brushes are interesting choice in cell
interface studies. Zhao et al. engineered polymer brush-grafted
PEDOT films for protein absorption and cell adhesion. An
EDOT-Br and EDOT mixture was utilized for atom transfer
radical reaction (ATRP), which was further modified to a
polymer brush through the grafting of poly((oligo-ethylene
glycol) methacrylate), poly(OEGMA), and zwitterionic poly([2-
(methacryloyloxy)ethyl|dimethyl-(3-sulfopropyl)ammonium
hydroxide), poly(SBMA) brushes. These types of bioelectronics
have potential applications in biometallic implants, which are
essential parts of biomedical engineering.*" Another interest-
ing application of PEDOT-based bioelectronic platforms was
reported by Sauvage et al. for the design of a cardiac patch
using a PEDOT:PSS and polyvinyl alcohol (PVA) hydrogel. The
hydrogel material was bio-functionalized with an N-cadherin
mimic peptide to mediate strong cell-scaffold adhesion. It was
observed that the modification offered enhanced adherence
and proliferation of cardiac fibroblasts (CFbs). Moreover, the
design reduced the formation of bacterial biofilms, particu-
larly against Staphylococcus aureus, highlighting a promising
material that can be used to prevent surgical site infections
(SSIs).”” The development of these innovative implant
materials using PEDOT bioelectronic platforms as cell inter-
faces offers promising applications in health monitoring and
wearable electronics. Furthermore, the promising application
of PEDOT bioelectronic platforms as cell interface materials in
the design of wound healing materials has been reported. For
example, a mussel-inspired PEDOT gelatin-based hydrogel was
developed by Li et al. for in vitro wound healing. The flexible,
biodegradable hydrogel was prepared via the in situ polymeriz-
ation of gelatin-polydopamine in EDOT in the presence of poly
(ethylene glycol) diglycidylether (PEGDE). The newly designed

This journal is © The Royal Society of Chemistry 2024
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material showed fibroblast adhesion, proliferation and
migration, highlighting the use of this material as a promising
candidate for wound dressing.”®

4. Nanostructures of PEDOT/
PProDOT derivatives — a promising
strategy to tune the material
properties

The extraordinary properties of materials with dimensions on
the nanoscale have attracted attention from researchers to con-
struct novel PEDOT derivatives/nanocomposites, and recently
PProDOT derivatives have been utilized in diverse areas such
as bio-sensing, biomedical engineering, cell-based chip appli-
cations, optical device development, wearable gadgets for
healthcare monitoring, electrochromic devices, battery devel-
opment, solar cells, supercapacitors, antistatic coatings, ink-jet
printing, environmental, marine and aquatic monitoring, for-
ensic and toxicology, hydrogen storage, OLEDs, and
0PVs.**87778 Dye to the excellent biocompatibility of PEDOT/
PProDOT materials, these materials can be reshaped for use as
bioelectronic interface platforms and biosensors for disease
monitoring, a prospect in high demand, especially in the
COVID-19 post-pandemic era. Briefly looking into the chem-
istry of PEDOT/PProDOT nanomaterials, their high surface
area can enhance signal amplification in the design of bio-
sensor platforms.”*®' Furthermore, their high surface area
facilitates improved charge transport, making them ideal for
applications such as organic solar cells, organic field-effect
transistors, and supercapacitors. In addition, a higher surface
area also promotes interactions with other materials, enabling
the fabrication of hybrid nanocomposites with improved
material properties.

One of the promising applications of PEDOT-nanomaterials
has been highlighted by the exploration of polymeric inks for
ink-jet printing. Given that printing technology is one of the
most widely explored industries globally, the design of novel
materials with extraordinary properties is in high demand. In
addition, for the design of flexible electronics, wearable
sensors and organic photovoltaics, also printing techniques
are essential. Thus, efforts have been devoted to developing
novel PEDOT nanomaterial-based inks for printing, where
Chang-Jian et al. reported the preparation of a PEDOT:PSS and
WOj; nanoparticle electrochromic ink that can be easily pro-
cessed through spray-coating or ink-jet printing to design
novel electrochromic windows.®? The WO,/PEDOT:PSS ink was
used to design a composite film by inkjet printing, which pos-
sessed a crack-free and uniform surface. Similarly, Pillai et al.
designed conductive ink using PEDOT:PSS and MWCNT for
the design of an energy-efficient all-printed flexible heater.
This work highlights the design of PEDOT-MWCNT conductive
ink with room temperature curable capability.*> These
materials can be used effectively in the fabrication of flexible
electronics. An interesting 3D printing method was reported

This journal is © The Royal Society of Chemistry 2024
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by Su et al. using PEDOT:PSS and Ag nanoparticles for the 3D-
printing of flexible OLED displays. This work highlighted the
use of the 3D printing method without any microfabrication
process.®® Cui et al. prepared a PEDOT:PSS/Ag nanoparticle
composite via an in situ polymerization technique and used
the ink-jet printing technique to coat on cotton fabric with
polydopamine to enhance the adhesion properties.®® The
design of these materials is highly useful for the fabrication of
durable conductive textiles for healthcare, energy storage,
sensing, etc. Cheng et al. reported the fabrication of an inkjet-
printed flexible storage device based on a PEDOT:PSS/Ag grid
electrode. Polyethylene terephthalate substrates were used for
ink-jet printing, and subsequently flexible transparent all-solid
state supercapacitors were engineered.®

Several reports focused on the design of novel conductive
materials for ink-jet printing. The advantage of PEDOT-based
conductive material-based ink-jet printing includes its easy
fabrication and design on flexible substrates for wearable elec-
tronics, healthcare monitoring, energy storage, super-
capacitors, flexible batteries, and diverse electrode platforms
for bio-sensing applications. However, there are challenges
associated with the development of novel polymeric materials
for ink-jet printing. The chemical and physical properties of
inks, such as surface tension, solute particle size, and density,
used for printing should be considered in the development of
novel ink materials. For example, clogging is one of the main
problems observed during ink-jet printing using PEDOT:PSS
inks, where the aggregation of solutes and their subsequent
blocking of the nozzle tip during printing may damage the
product. Also, satellite drop formation is another challenge in
which undesired ink drops are observed on the printing sub-
strate. Another challenge associated with the use of PEDOT:
PSS materials for printing is the dilution properties of the ink.
Given that commercial PEDOT:PSS is a water-based conductive
material, the polymer ink composition with co-solvents must
carefully be adjusted. Layer formation on the nozzle tip and
adhesion properties on the printing surface are also challenges
associated with PEDOT material-based inks. However, the
careful design of PEDOT materials can solve these problems to
a certain extent. For example, the addition of high-boiling
point co-solvents such as glycerol and ethylene glycol can help
avoid clogging and satellite drop formation to some extent.
Also, the incorporation of nanoparticles to create PEDOT-
derived hybrid nanocomposites is good choice to design ther-
mostable and flexible electronics. Another strategy is the
careful composition of materials to enhance the adhesion be-
havior of conductive inks to bypass cracking and irregular
printing problems. The ultimate goal of printing technology
is the mass production in a cost-effective method in greener
way.

Furthermore, incorporating nanostructured building blocks
in polymer scaffolds can enhance the flexibility, stretchability,
and mechanical stability of polymers, which are useful to
develop flexible electronics, wearable devices, and bioelectro-
nics, where the materials need to withstand mechanical defor-
mation without losing their electrical properties.*””®® In
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addition, the attachment of biomolecules such as antibodies,
enzymes, proteins, aptamers, bacteria, viruses, and DNA as
sensor probes is significantly higher in nanostructured poly-
meric materials due to their large surface area with nanoscale
dimensions, which can significantly enhance the sensitivity of
biosensor platforms. Several research outcomes have shown
that engineering nanostructures as electrode platforms signifi-
cantly reduces the impedance at the electrode-electrolyte
interface.®°! It was also reported that a nano-patterned con-
ducting polymer layer (PEDOT:PSS) showed a decrease in solu-
tion resistance with an increase in nano-patterning due to the
increase in surface area. In the investigation by Sanaur and co-
workers, the impedance of the nano-patterned PEDOT:PSS/Au
electrode was lower compared to the impedance exhibited by
flat PEDOT:PSS/Au electrodes.”®> Theoretical aspects of a
decrease in solution resistance are associated with an increase
in surface area.”®> Furthermore, the interaction of nano-
materials with living cells had an impact on cell physiology,
particularly gold nanoparticles (AuNP) have been extensively
studied for medical applications.

4.1 Engineering strategy of PEDOT nanostructures

Nanostructured PEDOT derivatives or PEDOT/nanocomposites
can be engineered through methods such as chemical oxi-
dative polymerization, electrochemical polymerization, vapour
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phase polymerization, self-assembly and incorporation of
metal nanoparticles, metal oxides, hybrid conducting poly-
meric scaffolds, carbon materials/polymeric composites, and
conducting polymer-metal-organic frameworks (MOF). Briefly,
the chemical polymerization of EDOT/ProDOT monomers is
the basic method for the synthesis of PEDOT/PProDOT deriva-
tives. The commonly used oxidants include iron(ur) chloride
(FeCly) and iron(m) tosylate (Fe(OTs);), which react with the
monomers to form the corresponding polymers. The detailed
chemistry of the polymerization mechanism can be found in
many reports in the literature. Most of the recent reports to
engineer nanostructures of PEDOT/PProDOT through chemical
oxidative polymerization involved the use of templates (DNA,
micro emulsions, micelles, and surfactants as soft templates
or hard templates such as anodized aluminium oxide-AAO),
micro-emulsions and block copolymers as well as polymer
hybrid nanocomposite methods.

Yu and co-workers developed functionalized PEDOT nano/
microrod structures using the AAO method (Fig. 1-I). The AAO
membrane was coated with a PEDOT precursor solution and
polymerization was carried out inside the nanopores of the
membrane. After polymerization, the template was dissolved,
leaving behind PEDOT nanostructures.”® A modified self-
assembled micellar soft-template method was used by Guo
et al. to engineer PEDOT nanowires (NWs). Subsequently, flex-
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Fig. 1 Different approaches to engineer PEDOT/PProDOT-derived nanostructures. (I) Schematic representation of functionalized PEDOT nano/
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ible and self-supporting WSe,-nanosheet/PEDOT-NW compo-
site films were prepared through the vacuum filtration method
(Fig. 1-II). This report highlighted the advantage of nano
sheets composed of inorganic materials/organic nanowire
composites, which can improve the thermoelectric properties
of conducting polymers.”> Raghavan et al. reported the inter-
esting engineering of poly(3,4propylenedioxythiophene)-
derivative (PProDOT-IPBz,) thin nanobelts constructed by
chemical polymerization involving the reverse microemulsion
technique®® (Fig. 1-1II). Zhang and coworkers reported the
preparation of a nanostructured polythiophene derivative for
the fabrication of a large-size electrochromic device, in which
the advantage of in situ chemical oxidative polymerization of
EDOT without any template was employed to obtain the
PEDOT material, followed by spray coating, forming PEDOT
nanoparticles.””

A ProDOT derivative named (3,4-dihydro-2H-thieno [3,4-5]
[1,4]dioxepin-3-yl)methanol (ProDTM) nanowire was reported
by Niu et al. (Fig. 1-IV). The nanowires were engineered
through the template-free electropolymerization method,
which showed excellent redox property and stability for use in
future supercapacitor applications.’® Recently, Pawula et al.
reported an interesting work on the nanostructure engineering
of a PEDOT-Tos thin film using the block copolymer lithogra-
phy technique (Fig. 2-I). Self-assembled poly(styrene)-block-
poly(methyl methacrylate) (PS-b-PMMA) layers were used as a
mask to obtain the nanostructured polymeric material.”® Lee
et al. reported the highly ordered nano-confinement effect
from an in situ-polymerized EDOT derivative and PEO-b-PPO-b-
PEO block copolymers using iron tosylate as an oxidant
(Fe(Tos3))'*° (Fig. 2-IT). Chowdhury et al. reported the nano-
structure engineering of PEDOT-Cl using oxidative chemical
vapor deposition (oCVD) with antimony pentachloride (SbCls)
as the liquid oxidant and EDOT as the monomer. The polymer-
ization technique resulted in the formation of a thin film of
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PEDOT-CI polymer with excellent optoelectronic properties,
precise control of the nanostructure formation, and good
stability (Fig. 2-IIT). This material was used as a hole-transport-
ing material in perovskite solar cells."”!

As a member of the PEDOT family, ProDOT and its deriva-
tives were synthesized and employed to engineer nano-
structures using different methods. However, due to the solu-
bility concerns of the polymer as well as its processability in
the commonly used solvents, the surface tuning of ProDOT
derivatives in chemical oxidative polymerization was signifi-
cantly limited. In addition, there are few reports on the engin-
eering of ProDOT-based nanostructures/nanocomposites.
Deshagani et al. reported the fabrication of a supercapacitor
composed of an NiMoO,@NiMnCo,0, composite grown
directly on Ni-foam and coated with PProDOT and combined
with flaky carbon derived from groundnut shells, which was
deployed as the cathode and anode in an asymmetric super-
capacitor. PProDOT enhanced the overall electrical conduc-
tivity of the cathode, besides furnishing extra electroactive
sites, acting as a high performance supercapacitor for electro-
chromic devices."” A high-surface-area hybrid nanomaterial
for efficient bioelectronic application using PEDOT:PSS and
nanowire template 3D fuzzy graphene was reported by Garg
et al. This material could be used for miniaturized microelec-
trodes for bioelectronic applications given that it showed excel-
lent stability and electrochemical performance on continuous
operation.'®?

Besides the extensive investigations on PEDOT, PProDOT
and their derivatives to form nanostructures, poly(3,4-ethylene-
dioxythiophene) polystyrene sulfonate (PEDOT:PSS) has also
been used in combination with other nanoparticles to design
PEDOT:PSS nanocomposites. In the usual procedure, these
materials are developed by incorporating different nano-
particles such as gold nanoparticles (AuNP), silver nano-
particles (AgNP), quantum dots, carbon nanotubes, nano-
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structured graphene, transition metal nanoparticles, and
nano-dispersions.' 4%

4.2 Electrochemical polymerization

Electrochemical polymerization involves the deposition of
polymeric materials on the surface of electrodes by the oxi-
dation of monomers through cationic radicals. The applied
potential, polymerization time, nature and composition of the
monomers, electrode material, etc. influence the formation of
the polymer and its surface morphology, nanostructure assem-
bly and electrical properties.””'°” However, electrochemical
polymerization leads to the formation of a small amount of
polymer compared to the product formed during chemical
polymerization.

One of the interesting works reported for the electropoly-
merization of PEDOT/PProDOT by Yu and coworkers high-
lights the easiest way to make diverse nanostructures of
PEDOT/PProDOT derivatives without the assistance of any tem-
plates. Controlling the electropolymerization conditions and
modulating the functional groups at the polymer side chain
resulted in the formation of nanotubes, nanodots, nanowires
and nanofibers on the electrode platform.?” This report high-
lights an efficient and simple method to design a diverse
library of PEDOT/PProDOT derivatives tailored with useful
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functional groups for bio-conjugation (Fig. 3-I). Zubair et al.
reported an interesting work on the synthesis of PEDOT nano-
fibers using poly(vinyl alcohol) (PVA)-graphene and PEDOT by
combining the electrospinning and electropolymerization
techniques. The nanofibers of PVA-GO were prepared by
electrospinning, and later PEDOT was electropolymerized on
them through the template-free electropolymerization tech-
nique.'® Recently, Silva et al. prepared a PEDOT-chitosan
hydrogel assembly by utilizing PEDOT materials on the elec-
trode surface by the electropolymerization technique. The
novel platform was explored due to the unique electroactivity
of PEDOT materials, which can be utilized for bioelectronic
applications'®® (Fig. 3-II). Another interesting work on engin-
eering nanostructures was reported by Mansoure et al. This
report involved the use of PEDOT, PEDOT-OH and perfluoro-
functionalized PEDOT (PEDOT-F), which were electropolymer-
ized to obtain nanostructures. The new system was used as a
catalyst for the oxidation-reduction reaction'" (Fig. 3-III). Luo
and coworkers recently reported the interesting nanostructure
engineering of zwitterionic phosphoryl choline (PC)-appended
EDOT and EDOT-OH with different feed ratios through the
electropolymerization method without any templates. This
newly engineered material was used to understand the adsorp-
tion behavior of biomolecules'"" (Fig. 4-I). Darmanin et al. pre-
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Fig. 3 Different approaches to engineer PEDOT/PProDOT-derived nanostructures (continue.) (I) Diverse nanostructures of PEDOT and PProDOT
derivatives through template-free electrochemical polymerization. Reproduced from ref. 47 with permission. Copyright 2012, ACS. (Il) PEDOT-chito-
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Fig. 4 Different approaches to engineer PEDOT/PProDOT-derived
nanostructures (continued). () Nanostructures of zwitterionic phos-
phoryl choline (PC)-appended EDOT and EDOT-OH with different feed
ratios were prepared through the electropolymerization method without
any templates. Reproduced from ref. 111 with permission. Copyright
2023, ACS. (ll) Series of different 3,4-phenylenedioxythiophene mono-
mers with different substituents afforded diverse nanostructures
through electropolymerization. Reproduced from ref. 46 with per-
mission. Copyright 2019, ACS. (Ill) PEDOT nanostructures were obtained
through galvanostatic deposition of EDOT/aqueous solution of sodium
dodecyl sulfate solution. Reproduced from ref. 112 with permission.
Copyright 2015, ACS.
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pared nanostructures of an EDOT derivative, 3,4-phenylene-
dioxythiophenes under simple electropolymerization con-
ditions. A series of different 3,4-phenylenedioxythiophene
monomers with different substituents allowed the formation
of polymer surfaces with different surface morphologies*®
(Fig. 4-II). The galvanostatic deposition of PEDOT nano-
structures using an EDOT/aqueous solution of sodium dodecyl
sulfate solution was reported by Nguyen et al. The deposition
strategy involved the use of a carboxylated polystyrene template
monolayer self-assembled on ITO. The interesting honeycomb-
shaped nanostructures were observed by scanning electron
microscopy''? (Fig. 4-I1I). Also, other useful methods such as
soft lithography technique, nanolithography, laser patterning,
and solution-processed nanostructure engineering have been
employed to construct diverse PEDOT nanostructures.

This journal is © The Royal Society of Chemistry 2024
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5. PEDOT/PProDOT-based nano-
biosensors

Biosensors are analytical devices used to detect chemicals or
biological substances through a physiochemical detector,
which can convert biological signals into readable electrical
signals. The key component of a biosensor is the sensor probe,
which is mostly a biological component such as antibodies,
enzymes, microorganisms, cell receptors, nucleic acids, apta-
mers and biologically derived components that can interact,
bind or recognize the particular analyte of consideration."****
The pioneering work on the first biosensor device was reported
by Leland Charles Clark Jr. in 1956 (for this discovery, Prof.
Clark is known as the father of biosensors).'*> The working
mechanism of modern-day glucose sensors is based on the
discovery by Leland Clark’s biosensor device. Presently,
millions of people use glucose sensors to monitor their dia-
betic condition. The evolution of biosensors started after
Clark’s discovery and continued with promising discoveries
including the most advanced wearable biosensors for continu-
ous healthcare monitoring from a home-setting approach.
Most of these biosensors have been developed based on the
following: (i) different immobilized bio-receptors, (ii) different
transducers used and (iii) implementation of different detec-
tion methods.

The incorporation of diverse nanostructures in the elec-
trode platform to increase the sensitivity and efficiency of bio-
sensor devices is considered one of the effective design strat-
egies. The key design strategy for the development of nano-
biosensors significantly depends on modulating the size and
surface morphology of sensor platforms, enhancing the bio-
sensor detection efficiency and sensitivity. The typical design
of nano-biosensor platforms is shown in Scheme 3. The con-
siderable difference between conventional biosensors and
nano-biosensor platforms is that the key-components are at
the nanoscale dimensions in nano-biosensors. The basic steps
for the development of a nano-biosensor involves:

)
4
9 il
Antibody DNA Aptamer  Enzyme

Scheme 3 Design strategy of PEDOT/PProDOT nano-biosensors.
Diverse nanostructures of PEDOT/PProDOT derivatives and nano-
composites deposited on the electrode platform. Sensor probes such as
antibody, aptamers, DNA, and enzymes for specific target recognition
can be conjugated on polymeric nano-surfaces through different coup-
ling chemistry.
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- Design and selection of detection probes: bio-recognition
elements such as antibodies, enzymes, aptamers, peptides,
and molecularly imprinted polymers (MIPs) are the primary
choice as sensor probes, which can specifically interact with
the target analyte.

+ Nanostructured  materials: when  nanostructured
materials are introduced in biosensor platforms, their large
surface area can offer significant conjugation sites for the reco-
gnition elements. This modification can enhance the sensi-
tivity of the detection system.

- Immobilization of recognition elements: to ensure the
stability and functionality of sensor probes, different immobil-
ization techniques such as physical adsorption, covalent
binding using functional groups such as -COOH, -NH,, N3,
-SH, and -OH, and self-assembly have been employed.

» Transduction mechanism: this core part of a biosensor
platform is its ability to convert the analyte-sensor probe inter-
action events into a measurable signal. Various transduction
mechanisms such as optical, electrochemical, piezoelectric,
and magnetic methods can be utilized.

- Signal readout and data analysis: the output signal from
sensor platforms is usually collected and analyzed by advanced
instrumentation systems involving spectrophotometers, poten-
tiostats, or impedance analyzers, and then the final analysis
and target analyte quantification are conducted.

- Integration of the sensor platform with next-generation
smart devices: integrating bio-sensors into devices for the real-
time detection of various analytes for biomedical diagnostics,
environmental monitoring, food safety, and point-of-care
testing should be the ultimate goal.

Blending interdisciplinary research areas to design novel
nano-biosensor platforms is essential for the development of
next-generation smart sensors. Here, we discuss the recent
advancements of PEDOT/PProODT nano-biosensors for foster-
ing the detection of diverse biomolecules/analytes.

5.1 Cancer biomarkers

Cancer biomarkers are signature molecules or events in the
body that can pass information about the risk or occurrence of
cancer. Many molecules have been identified as cancer bio-
markers, which can be detected in body fluids through various
imaging techniques including computerized tomography (CT)
scan, positron emission tomography (PET) scan, ultrasound
and X-ray techniques, magnetic resonance imaging (MRI) tech-
niques and bone analysis, blood test, cancer metastasis moni-
toring, angiogenesis, early detection of proteins, genes and
other molecules. Thus, significant efforts have been devoted to
developing nano-biosensors for the early detection and diag-
nosis of cancer biomarkers owing to the idea of a home-
setting platform. Shen et al. reported an interesting work on
the detection of circulating tumor cells (CTCs) from blood
samples of patients suffering from prostate cancer using
PEDOT NanoVelcro chips.'’® The nano biosensor platform
design consisted of 3D nanostructures of phenylboronic acid
(PBA)-grafted PEDOT NanoVelcro chips having an interfacial
layer of poly(EDOT-PBA-co-EDOT-EG3), enhancing the CTC
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capturing efficiency and specificity to capture CTC (Fig. 5-I).
The newly developed sensor platform was not only able to
capture CTC cells but could simultaneously gently release the
captured cells through competitive binding with sorbitol.
Phenylboronic acid was used to conjugate the antibody and
ethylene glycol (EG3) side chain used as an antifouling
material to reduce the non-specific binding. The working
mechanism for the capture and release of CTC proceeds
through the conjugation of the antibody through the boronic
acid-grafted nano-surface, followed by the specific capture of
circulating tumor cells. The captured tumor cells were released
through a competitive binding mechanism when glycan was
introduced in the sensor system. The high binding affinity of
glycan to sorbitol enabled the release of CTC cells. The feasi-
bility of the novel device platform highlights the measurement
of RNA signals from various diseases through the determi-
nation of prostate cancer-specific biomarkers in CTCs such as
AR-FL, AR-V7, KLK3, FOLH1, and SChLAP1. Recently, Peng and
co-workers developed AuNP-PEDOT coated silicon carbide
nanowires and PdPtB nano-enhancer for the detection of beta
amyloid oligomers. This strategy involved to use of the electro-
chemiluminescence technique to detect the biomarker for the
early diagnosis of Alzheimer’s disease.'”” The developed
immunosensor showed a linear detection range of 20 pM to 20
nM with a limit of detection (LOD) 10 pM (Fig. 5-II). Sweety
et al. reported the fabrication of a paper-based electrochemical
biosensor for the detection of the EpCAM biomarker. This
sensor was composed of the PEDOT:PSS and CuS nano-
composite system. EpCAM antibodies were immobilized in the
polymer nanocomposite and the sensor exhibited a sensitivity
of 104.31 pA pg " with a linear concentration range of 0.01 pg
mL™" to 1000 ng mL~.""® In 2023, Kotagiri and co-workers
reported the fabrication of an electrochemical strip sensor for
the continuous monitoring of the chemotherapy drug dacarba-
zine using a graphene-Au-PEDOT nanocomposite (Fig. 5-III).
This sensor system was developed using a screen-printed elec-
trode, which was modified with an rGO-Au-PEDOT nano-
composite by the drop-casting method. The sensor system was
characterized by the electrochemical method and the target
analyte was detected by the square-wave voltammetry (SWV)
and chronoamperometry (CA) methods. The new detection
platform displayed a wide detection range of analyte concen-
tration in human serum of 2.5 nM to 1500 nM with an LOD of
0.09 nM.""*

Soares et al. developed an interesting nano-biosensor utiliz-
ing PEDOT nanotube-decorated Au nanoparticles for sensing
folate binding protein (FBP), an important cancer bio-
marker."?® The sensor design consisted of the electropolymeri-
zation of EDOT on stainless steel mesh, which resulted the for-
mation of PEDOT nanotubes. AuNPs were electrodeposited on
the surface of PEDOT nanotubes and FBP immobilized on the
electrode surface. The sensor exhibited an excellent LOD of 4.5
pmol L™'. The nanostructure engineering of the polymer
surface and subsequent AuNP deposition enhanced the sensi-
tivity of the electrode platform by decreasing its charge-trans-
fer resistance and enhancing its surface area (Fig. 6-I). Wang

This journal is © The Royal Society of Chemistry 2024
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et al. reported the development of a low fouling electro-
chemical biosensor for the detection of the breast cancer bio-
marker BRCA1l. The sensor design consisted of a nano-

This journal is © The Royal Society of Chemistry 2024

composite of PEDOT doped with a polypeptide sequence elec-
trodeposited on a glassy carbon electrode (GCE). The polymer/
nanocomposite surface displayed a 3D-microporous structure
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having a large surface area and antifouling properties. The
surface was modified with the BRAC1 complimentary oligo-
nucleotide, displaying a detection limit of 0.0034 pM for the
target analyte'*! (Fig. 6-I1).

Recently, an interesting biosensor platform based on a
glassy carbon electrode was reported by Pandey et al., which
could detect a cancer biomarker, soluble cytotoxic
T-lymphocyte-associated antigen 4 (CTLA-4) at an attomole
concentration (Fig. 7). The ultrasensitive sensor platform was
developed through the combination of PEDOT:PSS and an
AuNP nanocomposite, which enhanced the sensitivity of the
sensor platform through its large surface area. The sensor
probe used in this report consisted of a thiolated-anti CTLA-4
nano-antibody. The sensor platform showed excellent sensi-
tivity and selectivity for target analyte in the presence of other
interfering compounds with high accuracy. The wide detection
range of analyte concentration of 100 ag mL™'-500 ug mL™",
LOD of 1.19 ag mL ™, high reproducibility and shelf-life of 2
weeks showed that this is a promising biosensor platform for
clinical applications."??

5.2 Glucose nano biosensors

Elevated glucose levels in the blood cause severe damage to
many organs including the eyes, kidneys, liver, nerves and
heart. Abnormal glucose levels leads to diabetes, a chronic
disease currently affecting millions of people. Glucose sensors
are the second most successful and commercialized biosensor
devices after pregnancy test kits. Tremendous efforts are on-
going to develop non-invasive sensors for the detection of
glucose in the urine, sweat, saliva and tears given that these
body fluids offer painless extraction without lancet puncture
to collect the sample, easy availability and can be stored as
samples.

GhavamiNejad et al. reported the fabrication of a non-enzy-
matic conductive hydrogel microneedle-based electrochemical
sensor platform for continuous glucose detection using a
PEDOT:PSS-Ag-Pt nanoparticle system'*’ (Fig. 8). The continu-
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ous glucose meter (CGM) was developed using a hydrogel syn-
thesized using swellable-dopamine (DA)-hyaluronic acid (HA),
followed by the synthesis of Ag and Pt nanoparticles inside the
3D porous hydrogel. The use of the PEDOT:PSS conducting
polymer enhanced the electrical properties of the sensor patch
system, making it suitable as a working electrode. The hydro-
gel microneedle (HMN) system with 3D conductive porous
structure had in situ, continuous, real-time monitoring ability
for glucose analyte. The novel conductive hydrogel system with
nanoparticles and PEDOT:PSS conductive system (HMN-CGM)
showed excellent stability for enzyme-less glucose sensing. The
in situ reduction of Pt ions in the presence of catechol moieties
in the dopamine system and Ag nanoparticles worked as an
electrocatalyst to oxidize glucose, which was later detected
electrochemically using CV and chronoamperometry. The
in vivo experiments involved the testing of the developed
sensor platform using a streptozotocin (STZ)-induced diabetic
rat (T1D). In the rat model with type-1 diabetes, its decreasing
glucose levels were measured by the novel sensor platform.
The measurements were using the developed device were com-
pared with that from a conventional glucose meter, which
showed a good match, highlighting the excellent clinical prac-
ticality of the HMN-CGM platform for continuous glucose
monitoring.

The recent report by Zhang et al. highlighted the develop-
ment of an organic electrochemical transistor (OECT) device
with enhanced transconductance properties through doping
with plasmonic gold nanoparticles. The doping consisted of a
solution-based process and photo-annealing techniques. The
doping process increased the conductivity and volumetric
capacitance of the channel layer, while photo-annealing was
responsible for the improved crystallinity of the PEDOT:PSS
channel. The strong bonding between PEDOT and AuNP sig-
nificantly increased the stability of the OECT device. The gate
electrode of the novel OECT device was modified with glucose
oxidase (GOx) as the sensor probe through drop-casting
method. The OECT device showed glucose detection capability
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Fig. 7 Detection of cancer biomarkers using PEDOT-derived nanostructures (continued). An ultrasensitive sensor platform was developed through
the combination of PEDOT:PSS and an AuNP nanocomposite for the detection of the soluble cytotoxic T-lymphocyte—associated antigen 4

(CTLA-4) in attomole concentration using a GCE platform. Thiolated anti-

CTLA-4 antibody was conjugated through Au-thiol coupling chemistry.

(A)-(D) SEM images showing the electrode surface morphology after each modification. (A) ITO/PEDOT:PSS, (B) ITO/AuNPs, (C) ITO/PEDOT:PSS/
AuNPs (D) ITO/PEDOT:PSS/AuNPs/NAb. Reproduced from ref. 122 with permission. Copyright 2023, Elsevier.
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Fig. 8 Overview of PEDOT/PProDOT-derived nano-biosensor design
for glucose detection. Schematic illustration of glucose sensor devel-
oped through non-enzymatic conductive hydrogel microneedle using
PEDOT: PSS—Ag-Pt nanoparticle system. SEM images showing (Top)
porosity of different composite hydrogels with DA conjugation. Scale
bar 50 pm. Hydrogel microneedle fabrication processSEM images of
glucose sensor patches fabricated with DA-HA, DHP and DHP-Ag-Pt
(Scale bars 300 pm), different properties and glucose detection studies
of newly developed sensor platform were displayed. Adapted from Ref.
123 with permission. Copyright 2023, Wiley.

in a wide range of glucose concentrations from 10 nM-1 mM
(Fig. 9-I). The developed high transconductance OECT with
excellent stability can be used for the detection of many bio-
markers and analytes having low concentrations.'>*

In 2022, Murugan et al. developed an electrochemical
glucose immunosensor based on a PEDOT:4-sulfocalix [4]
arene/MXene nanocomposite using a multistep modification
process."”® Specifically, EDOT monomers with 4-sulfocalix [4]
arene (SCX) as a dopant were polymerized through chemical
polymerization. Then, a PEDOT:SCX/MXene film was prepared
through the dispersion of MXene in PEDOT:SCX by an ultra-
sonication process. The sensor probe used to detect the
analyte was glucose oxidase (GOx), which was immobilized on

This journal is © The Royal Society of Chemistry 2024
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the PEDOT:SCX/MXene platform through chitosan as a binder.
The sensor device showed a linear response upon the addition
of glucose from 0.5 mM to 8 mM. The sensor could detect
22.5 uM of the glucose analyte in PBS buffer solution. Also,
this new detection platform exhibited good stability, selectivity
and sensitivity.

A non-enzymatic glucose sensor from a nanoscale CuO/
PEDOT-MoS, sensor platform was developed by Medhi et al.
The sensor platform design consisted of CuO nanoparticles de-
posited on PEDOT infiltrated with nanoscale MoS,. Different
characterization techniques were used to confirm the success-
ful design of the electrode platform such as XRD, FE-SEM,
EDX, FT-IR CV, and EIS. The hybrid nano-electrode platform
exhibited good redox activity, electron transfer kinetics and
large surface area. This sensor showed an LOD of 0.046 pM in
the range of 303 pM-1.06 mM **° (Fig. 9-II).

Another interesting glucose sensor using phenylboronic
acid-functionalized poly(3,4-ethylenedioxythiophene) (PEDOT-
PBA) nanotubes was designed by Huang et al.®' This work is
interesting in the aspects of engineering nanotubular functio-
nalized PEDOT structures without any templates through
simple electropolymerization techniques. The core part of the
sensor platform is phenylboronic acid, which worked as the
probe to detect glucose analyte. The influence of the nano-
structures on the electrode surface was confirmed through
comparison with the glucose detection ability of the sensor
platform having a smooth surface (Fig. 10-I). The nanotube-
modified electrode platform showed enhanced sensitivity
and different adsorption process for bovine serum albumin.
Quartz crystal microbalance (QCM) and electrochemical impe-
dance spectroscopy (EIS) were used to determine the glucose
levels.

In 2023, Dehbali et al. designed a portable smart gluc-
ometer to detect glucose in blood samples. The device design
consisted of a Cu/Au/rGO/PEDOT:PSS-deposited IDE electrode
platform. The sensor platform was modified with GOx enzyme
as the sensor probe through the drop-casting method. The
developed platform showed a detection limit of 1 pM glucose
in a wide concentration range of 0 to 100 mM with excellent
selectivity, sensitivity and stability. This device can be used for
point-of-care (PoC) applications with further improvement.?”
Very recently, Siufert et al. reported the development of a
cotton-polyester (Cot-Pol) string electrode designed from
stretchable nanofiber felt (NF-felt). The method involved the
coating of non-conductive NF-felt with PEDOT:PSS, followed
by a GOx incubation process. The newly designed electrode
platform exhibited good electron transfer, diffusion of ions,
etc. due to the nanostructure of the NF-felt string. The NF-felt
sample showed a good LOD of 3.3 mM. Moreover, the felt
string electrode showed excellent flexibility and stretchability,
which can be used in diverse fields such as medical, military
and athletic health monitoring."*® Cetin et al. constructed a
high-performance glucose sensor designed from PEDOT or
polypyrrole (PPy) coated with polyacrylonitrile (PAN)-multiwall
carbon nanotube nanofibers (PAN-MWCNT NFs). The nano-
fibers of polyacrylonitrile-multiwall carbon nanotubes were

Nanoscale, 2024,16,17202-17229 | 17215
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Fig. 9 Overview of PEDOT/PProDOT-derived nano-biosensor design for

glucose detection (continue). () OECT sensor platform having PEDOT:PSS

doped with plasmonic gold nanoparticles. The plasmonic AuNP doped through solution process and photo annealing improved the OECT transcon-
ductance and channel crystallinity. Adapted from ref. 124 with permission. Copyright 2023, ACS. (ll) Schematic representation of glucose sensor
developed using CuO nanoparticles, PEDOT and nanoscale MoS,. SEM images showing electrode surface morphology after each modification steps
with corresponding EDX spectra. Reproduced from ref. 126 under Creative Commons Attribution 4.0 License.

obtained by the electrospinning technique."”® The nanofibers

provided a high loading and stabilization of the biomolecule
and MWCNT fillers were used for mechanical reinforcement.
As reported by various groups, the conducting polymer layer
provided high electron transfer and conductivity. The glucose
detection probe was immobilized through the drop-casting of
GOx and detection of the target analyte was confirmed by the
amperometric method. This report highlighted the perform-
ance of two different sensor platforms with different conduct-
ing polymers, PEDOT and PPy, and concluded that the
PEDOT-PPy-based sensor platform with MWCNTs exhibited
slightly higher performance than that without MWCNTs
(Fig. 10-II). Paul et al. developed a PEDOT:PSS graphene oxide
(rGO)-titanium oxide (TiO,) nanohybrid paper sensor for
glucose detection. The sensor platform consisted of Whatman

17216 | Nanoscale, 2024, 16,17202-17229

filter paper modified with PEDOT:PSS by dip-coating."*®
Following that, the paper was dipped in an rGO-TiO, nano-
hybrid-PEDOT:PSS solution. The sensor platform was modified
with GOx enzyme in PBS buffer. The paper sensor showed a
linear range of detection of 0.01 to 3 mM of glucose with
an LOD of 0.01 mM via the chronoamperometry method. It
also showed good stability, selectivity and reproducibility
(Fig. 11).

5.3 Lactate nano-biosensor

Lactate is an important molecule to regulate many body func-
tions, including the immune system, inflammatory responses,
and angiogenesis.’*'™** Accordingly, elevated concentrations
of lactate in body fluids indicate abnormal body functions and
weak mental health. Thus, research efforts have been devoted

This journal is © The Royal Society of Chemistry 2024
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() Schematic representation of phenylboronic acid-

functionalized PEDOT (PEDOT-PBA) nanotube through template-free electropolymerization. Reproduced from ref. 81 with permission. Copyright
2018 ACS. (Il) PEDOT or polypyrrole (PPy) coated with polyacrylonitrile (PAN) — multiwall carbon nanotubes nanofibers (PAN-MWCNTs NFs). SEM
image showing different percentage of MWCNT/PAN with PEDOT or PPy polymer. Adapted from ref. 129 with permission. Copyright 2023 Elsevier.
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to developing various biosensors to monitor the lactate con-
centrations in body fluids.

Recently Meng et al. reported the fabrication of a sweat-
based non-invasive flexible skin patch sensor for lactate detec-
tion. The sensor system was developed using a conducting
polymer-reinforced laser-irradiated graphene (LIG) network as
a 3D transducer platform. PEDOT was nano-deposited on the
flexible system to reinforce it as a binder for enhanced stability
and electrochemical kinetics. The pores present in the
reinforced PEDOT/LIG worked as a 3D matrix to immobilize
Prussian blue and lactate oxidase (Lox) enzyme. The novel
nano-biosensor system could detect lactate in the range of
10-1350 pM in artificial sweat with a detection limit of
6.0 pM '** (Fig. 12-I). Another study by Meng et al. highlighted
the development of 3D nanofibrous biofunctionalized PEDOT
with carboxylic acid side chains as a nano biosensor platform
for the detection of lactate™® (Fig. 12-II). The sensor design
consisted of EDOT monomer appended with carboxylic acid
groups for efficient conjugation of the sensor probe. The
monomers were copolymerized with EDOT and tetrabutyl-
ammonium perchlorate (TBAP) as a soft-template to generate a
3D nanofibrous structure with enhanced catalytic activities
and low charge transfer resistance. The carboxylic side chains

This journal is © The Royal Society of Chemistry 2024

were utilized to anchor lactate dehydrogenase through EDC/
S-NHS chemistry. The fabricated sensor device was utilized for
the detection of lactate samples in the linear range of
0.05-1.8 mM with a sensitivity of 20.26 pA mM " cm 2.

Hao et al. presented the development of a sweat biosensor
inspired from the photosensitive stamp (PS) method. The
vacuum filtration-transfer method (PS-VFTP) was used to
design the flexible electrode array consisting of the SWCNT
material. This method offers a simple, eco-friendly, approach.
The patterned PS-VFTP system with SWCNT displayed flexi-
bility, high reproducibility, precision, uniformity, conductivity
and mechanical stability."*® This flexible sensor platform with
many promising properties was further modified with Pt nano-
particles through the electrodeposition method for enhanced
sensitivity and conductivity. Again, the sensor platform was
modified by depositing Prussian blue or PEDOT layers to
increase its electrocatalytic performance for glucose or lactates
(Fig. 13).

5.4 PEDOT/ProDOT nano-biosensors for other metabolite
sensing

The continuous monitoring of different metabolites in body
fluids can facilitate early patient diagnosis and maximum

Nanoscale, 2024, 16, 17202-17229 | 17217
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healthcare can be provided to save their life. The development
of bio-sensors to monitor metabolites can provide information
on physiological events, health status, physical and mental
health, disease monitoring, etc. The continuous monitoring of
the well-being of individuals holds promise to expand a strong
and healthy community. The continuous process of metabolite
sensing using novel sensor platforms can help people detect
diseases at the earliest, and consequently the diagnosis pro-
cedures can be decided at the earliest."*”**®

Chen et al. developed a dopamine sensor based on a por-
phyrin-metal organic framework (MOF525)-PEDOT nano-
composite. Two types of monomers, EDOT-OH and methyl-
benzoate-appended EDOT (EDOT-Ph-COOH), were used as
monomers to design the polymer on the electrode surface, fol-
lowed by the adsorption of MOF525. The ready-to-use micro-
electrode system was employed for dopamine detection
(Fig. 14-1). The differential pulse voltammetry (DPV) technique
was used to detect dopamine in a wide detection range of
4-100 uM with a sensitivity of 11 nA uM~'. Furthermore, this
electrode platform showed high sensitivity and selectivity
toward dopamine against interfering compounds such as
ascorbic acid and uric acid."**

17218 | Nanoscale, 2024, 16,17202-17229

PEDOT carboxylic acid-modified sensor platform for lactate detection.

Recently, Lee et al. designed an interesting nano biosensor
platform for the detection of a-synuclein (SNCA) in human
brain organoids using peptide-imprinted PEDOT-OH nano-
tubes'*° (Fig. 14-11). a-Synuclein is an important biomarker for
Parkinson’s disease. The sensor design and development
involved the electropolymerization of EDOT and EDOT-OH on
ITO substrate with SNCA as the template. The electropolymeri-
zation involved the formation of nanotube structures. The
SNCA peptide-imprinted PEDOT-OH nanotubes were used to
detect SNCA analyte molecules and the sensor platform exhibi-
ted a detection range of 0.065 pM to 65 nM with a limit of
detection of 4.0 pM. The clinical practicality of the sensor plat-
form was confirmed through the detection of elevated levels of
SNCA in a culture medium of human Parkinson’s disease
patient specific midbrain organoids.

An organic electrochemical transistor (OECT)/SERS (surface
enhanced Raman spectroscopy) biosensor platform for the
detection of dopamine was designed by Chou et al. This
sensor platform consisted of a 3D OECT device having PEDOT:
PSS as the active channel layer and nanostructured PEDOT-SH
as the top layer, which was then modified with AuNPs. The
nanoparticle deposition as well as the high signal amplifica-

This journal is © The Royal Society of Chemistry 2024
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tion property of the OECT sensor device allowed the highly
sensitive detection of dopamine (Fig. 14-1II). The sensor plat-
form could detect dopamine with excellent selectivity among
other interfering compounds such as ascorbic acid and uric
acid with a linear detection range of 50 nM-100 pM and detec-
tion limit of 37 nM. In addition, the sensor platform was used
to detect p-cresol using the SERS technique.'*

Maintaining the mental health of individuals is equally
important as their physical health. Prolonged triggering of
stress over a period of time can cause serious health issues
including depression, cardiac problems, anxiety disorders,
suicide attempts, lack of concentration, and weak immune
response. Cortisol is one of the most significant biomarkers
in the body to evaluate the stress level and the mental
health of individuals. Cortisol is an adrenocorticosteroid
hormone normally known as the stress hormone, which is
associated with the circadian rhythm. Thus, abnormal levels
of cortisol in body fluids indicate the early possibility of a
weak health system, which must be monitored accurately.
Presently, significant progress has been achieved in the
development of different biosensor systems for the detection
of cortisol.

Recently, Aerathupalathu Janardhanan et al. developed an
OECT nano-biosensor for the sensitive detection of sweat cor-
tisol”® (Fig. 15-I). This nano-biosensor platform consisted of

This journal is © The Royal Society of Chemistry 2024
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poly(EDOT-COOH-co-EDOT-EG3) nanotubes engineered on
the channel layer of an OECT device through a template free
electropolymerization technique. The molecular design con-
sisted of carboxylic acid-appended side chain to immobilize
the antibody and ethylene glycol-appended PEDOT was used
as an antifouling material. Subsequently, the polymer surface
was modified with cortisol antibody through EDC/sulfo-NHS
coupling chemistry. The OECT nano-biosensor platform
could detect cortisol analyte in PBS buffer in the range of 1 fg
mL~" to 1 pg mL~" with an excellent detection limit of 0.0088
fg mL~'. The nanostructure effect of the sensor platform was
also investigated through the design of an OECT device
without any nanostructures on its channel layer, which
showed lower binding of the cortisol analyte compared to the
OECT sensor platform with nanostructures. The device
showed excellent reproducibility, selectivity and shelf life.
Importantly, the clinical practicality of the OECT nano-bio-
sensor platform was confirmed through an artificial cortisol-
spiked artificial sweat.

Luo et al. reported an interesting sensor platform to detect
urinary progesterone using nanostructured PEDOT-OH. The
highlight of this report is that the sensor platform did not
have any detection probe such as antibodies and aptamers to
sense the target molecule. Molecularly imprinted polymers
have the advantages of cost-effective and easy fabrication pro-
tocols without the conjugation of any recognition elements.
The biosensor platform was developed through the electro-co-
polymerization of EDOT and EDOT-OH with progesterone as
the template molecule. Different nanostructures were obtained
such as porous, belt and tubular structures (Fig. 15-II). The
detection of the progesterone molecule was conducted
through the cyclic voltammetry technique. This sensor exhibi-
ted an LOD of less than 1 fg mL ™" with a linear range of 0.1 fg
mL™" to 0.1 ng mL™". In addition, the sensor platform exhibi-
ted excellent selectivity to progesterone among other interfer-
ing compounds such as 17p estradiol, testosterone, urea and
creatinine.'*?

Recently, An et al. designed a wearable cortisol aptasensor
from nanofibers of polyacrylonitrile (PAN-NF) through the
electrospinning method. Subsequently, the nanofibers were
modified with carboxylated PEDOT through vapor deposition
(Fig. 16)."** The sensor probe used in this design was the corti-
sol aptamer molecule with the sequence 5-ATG GGC AAT GCG
GGG TGG AGA ATG GTT GCC GCA CTT CGG C/3AmMO/-3/,
which was immobilized through the coupling reagent
DMT-MM with the carboxyl group of PEDOT-PAN NF. The
sensing of the target cortisol was undertaken through a
liquid-ion gated field effect transistor (FET) on a polyester
(polyethylene terephthalate) (PET) substrate with PEDOT-PAN
NF as the channel layer. The sensor platform showed the
superior sensitivity of 10 pM and selectivity. The clinical practi-
cality of the sensor was also tested by transplanting on a swab
and human skin as well as on the perspiration of a moving
person. The light-weight sensor platform designed on a silk
substrate highlights a green approach with negligible burden
on the environment.
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Schematic representation and analyte detection of molecularly imprinted polymer (MIP) technique for sensing urinary progesterone using
PEDOT-OH nanostructures. Compared to the progesterone non-imprinted polymer, the MIP polymer showed greater target sensitivity. Adapted

from ref. 142 with permission. Copyright 2017, Wiley.

5.5 PEDOT/ProDOT nano biosensors for environmental
monitoring, toxicology, forensic, marine and aquatic
monitoring

Volatile organic compounds (VOCs) are some of the most
dangerous substances for both living organisms and environ-

17220 | Nanoscale, 2024, 16, 17202-17229

ment. Serious health issues on continuous exposure to VOCs
have been reported including damage to the eyes, throat,
lungs, kidneys, liver, nervous system, etc.'**'*> In addition, the
toxic chemicals, bacteria, poisonous gases present in the
outdoor and indoor environment, food items, agriculture
crops, soil, etc. must be detected and analyzed properly in the

This journal is © The Royal Society of Chemistry 2024
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field of healthcare and environmental protection. Similarly,
the detection of narcotics, illicit drugs, and explosives is one
of the main objectives of forensic applications."*® Bypassing
the use of highly sophisticated instrumentation and difficult
sample collection from crime scenes and criminal investi-
gations through the use of portable and miniaturized bio-
sensors reflects the high demand of new sensor designs with
promising properties. Furthermore, marine and aquatic moni-
toring including the quality of water, toxic living organisms,
pH, chemical and metal ion contents can be detected by
designing novel biosensor platforms. Accordingly, PEDOT/
PProDOT nanostructures or their nanocomposites have been
widely used to develop detection platforms for the target ana-
lytes in these applications.

Aerathupalathu Janardhanan et al. Developed a chiral nano
biosensor based on hydroxymethyl EDOT (EDOT-OH) for the
detection of fetal bovine serum, RGD peptide, insulin and
mandelic acid (MA) enantiomers. The sensor platform con-

sisted of (R)-EDOH-OH and (S)-EDOT-OH monomers electropo-
lymerized on a quartz crystal microbalance chip to detect
different analytes (Fig. 17-I). The polymerization conditions
were tuned to endow the polymer surface with different
surface morphologies such as nanotubes and smooth films.
The chiral recognition and detection of analytes highlight the
synergistic effect of surface morphology and chirality.
Compared to the senor platform having a smooth surface mor-
phology, the nanotube-decorated sensor platform exhibited
enhanced chiral discrimination of mandelic acid enantiomers.
Density functional theory (DFT) and ab initio molecular
dynamics (AIMD) techniques revealed the underlying sensing
mechanism for the chiral discrimination of mandelic acid
enantiomers and chiral sensor platforms.®°

An interesting report by Zhang et al. highlighted the devel-
opment of PProDOT hollow nanofibers for the electrochemical
sensing of paracetamol. The sensor platform was fabricated
with the novel polymer scaffold of PProDOT with pendant-
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Fig. 17 Overview of PEDOT/PProDOT nano-biosensors for environmental, marine, forensic, toxicology, etc. (I) Schematic representation of chiral
PEDOT-OH nano-biosensor for the detection of enantiomers. Nanostructured and smooth films of PEDOT-OH were deposited through template-
free electropolymerization on QCM sensor chip for enantio-recognition. Reproduced from ref. 80 with permission. Copyright 2021, RSC. (ll)
Schematic illustration of PProDOT hollow nanofiber for electrochemical sensing of paracetamol. The nanostructures of PProDOT-MeSH, hollow
nanofiber material was prepared through cetyltrimethyl ammonium bromide (CTAB) surfactant-assisted polymerization method. Reproduced from
ref. 147 with permission. Copyright 2019, Elsevier. (lll) Schematic representation of PEDOT:PSS/poly(p-anisidine) nanocomposite platform for detec-

tion of CO gas. The chemiresistive sensing mechanism allowed enhanced

CO detection through high surface area of electrode platform through

nanostructures. Reproduced from ref. 148 under Creative Commons Attribution CC-BY-NC-ND 4.0 licence.
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grafted thiol group (PProDOT-MeSH,) hollow nanofiber
material."*” The polymeric material was prepared through the
cetyltrimethyl ammonium bromide (CTAB) surfactant-assisted
polymerization method. Thiol grafted PProDOT hollow nano-
fiber material significantly improved the electrochemical
sensing through its excellent electrocatalytic properties and
molecular recognition abilities (Fig. 17-II).

Recently Farea et al. designed a high-performance carbon
monoxide (CO) gas sensor platform using a PEDOT:PSS/poly
(p-anisidine) nanocomposite."*® The sensor platform design
involved the in situ polymerization of p-anisidine in the pres-
ence of PEDOT:PSS with sodium dodecyl sulfate (SDS) as the
anionic surfactant. The nanocomposite was drop-casted on the
interdigitated copper electrode platform based on the prin-
ciple of chemi-resistive sensing (Fig. 17-III). The enhanced sen-
sitivity of the sensor platform towards CO detection was attrib-
uted to the higher surface area provide by the nanocomposite.
The sensor platform exhibited CO detection in the range of
50-300 ppm with a response time of 58 s and recovery time of
61 s for 100 ppm CO gas.

Gupta et al constructed a PEDOT:PSS/Au-nanoparticle/
nano flower-modified cost-effective, disposable and ultra-
sensitive copper electrode for the detection of methylene blue
(MB) dye in water. MB was used as a model contaminant,
which was detected using the newly designed sensor through
the electrochemical detection method (Fig. 18-I). The 3D an-
isotropic nanoflower-like morphology provided approximately
6-times higher signal sensitivity compared to the sensor plat-
form modified with gold nanoparticles. The analyte detection

View Article Online
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was performed using the new detection platform, which
exhibited sensitivity in the range of 0.01-0.1 pM with an LOD
of 0.0022 puM, which was 0.0052 pM for the gold-nanoparticle
decorated sensor platform.'*’

An electronic nose based on PEDOT:TiO, hybrid nano-
structures was reported by Conti et al. The TiO, nanofibers
were prepared through electro-spinning and TiO, nano-
particles were prepared through the sol-gel method. The
materials were combined with different polymers including
PEDOT:PSS, polypyrrole and polystyrene sulfonate. The impe-
dimetric technique was used to identify and discriminate
different VOCs including acetone, ethanol and formaldehyde
vapor'®® (Fig. 18-1I). A recent report by Jin et al. presented a
PEDOT:PSS MoS, quantum dot sensor for the detection of
acetaldehyde at room temperature. Acetaldehyde is a primary
carcinogen and toxic chemical upon long-term exposure. The
sensor was developed by doping MoS, quantum dots with
PEDOT:PSS through the in situ polymerization technique. The
highest response value of 78.8% against 100 ppm acetaldehyde
with an LOD of 1 ppm was observed for the nano-sensor. The
high sensitivity of this sensor platform was possibly due to the
large reaction sites on MOS, and charge transfer between
PEDOT:PSS and MOS,-quantum dots. The sensor platform
showed excellent stability for three months.'>" Dehsari et al.
designed an ammonia sensor based on a copper(u) phthalo-
cyanine-supported 3D-nitrogen-doped graphene/PEDOT-PSS
nanocomposite. The high uniformity and large surface area of
the sensor platform resulted in high sensitivity for the detec-
tion of ammonia gas in a wide concentration range of 1 ppm-
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Fig. 18 Overview of PEDOT/PProDOT nano-biosensors for environmental, marine, forensic, toxicology, etc. (continued). (I) Schematic illustration of
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posable and ultrasensitive copper electrode. Reproduced from ref. 149 with permission. Copyright 2020, ACS. (Il) Sensor design for the detection of
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1000 ppm at room temperature. The response time of the
sensor was 2.5 min, while its recovery time was 1 min.*>?

Machhindra et al. developed a Prussian blue (PB)-PEDOT
loaded laser scribed graphene glassy carbon electrode platform
for the detection of Cd.** The heavy metal sensing platform
composed of a conducting polymer nanocomposite having a
large surface area could detect Cd*" in a wide concentration
range of 1 nM-10 pM with a promising detection limit of 0.85
nM through the differential pulse voltammetry (DPV) tech-
nique. The senor platform exhibited good stability, reproduci-
bility and long-term stability, which was used to detect Cd*" in
packaged drinking water, highlighting the practical appli-
cations of the developed sensor platform.'*

Wu et al. reported the fabrication of a nanostructured
PEDOT-OH-modified electrode platform for the determination
of the anticancer herbal drug shikonin. The nanostructures on
the glassy carbon electrode surface were designed through a
simple electropolymerization technique. The electrode modi-
fied with nanostructures possessed a large surface area and
numerous active sites for the catalytic redox reaction, enhan-
cing its electrocatalytic activity. The sensor platform showed a
linear detection range of 1.0 nM to 10 pM with a good detec-
tion limit of 0.3 nM.*>*

Lin et al. reported the development of a nitrite sensor plat-
form based on PEDOT doped with AuNP. This sensor platform
was developed through the electropolymerization of EDOT
monomer in a solution containing colloidal AuNP. The nano-
composite exhibited good conductivity and excellent electro-
catalytic activity towards nitrite oxidation by amperometric
detection. The sensor platform exhibited a wide concentration
range for the detection of nitrite of 0.2 pM to 1400 pM and
LOD of 60 nM."**

Zhang et al. developed different functional pendant group-
grafted sensor platforms for the detection of paracetamol.
EDOTCH,NH,, EDOTCH,0OH and EDOTCH,SH monomers
were selected and the corresponding polymers were obtained
through the chemical oxidative polymerization technique. The
amine-functionalized PEDOT exhibited a nanofiber mor-
phology, while hydroxyl and thiol functional PEDOT exhibited
sponge-like structures. The self-assembly properties of the
polymers were studied in detail and the sensor platform was
used to detect paracetamol as the target analyte. Among the
polymer-modified electrodes, the thiol-functionalized PEDOT
showed the highest electrochemical response to paracetamol
analyte'>® (Fig. 18-III).

Tian et al. designed a biosensor for the detection of
environmental contaminants such as hydroquinone (HQ),
catechol (CC), resorcinol (RC), and nitrite using poly(3,4-ethy-
lenedioxythiophene)-graphene = composites. The process
involved the in situ electro-polymerization of EDOT monomer
on graphene nanosheets. SEM experiments confirmed the for-
mation of one-dimensional PEDOT structures. The sensor plat-
form exhibited excellent electrocatalytic activity on dihydroxy-
benzene isomers and NO>~ ions. The high electron transfer
ability, conductivity, sensitivity, selectivity, organic compatibil-
ity, etc. were achieved through the PEDOT layer."”

This journal is © The Royal Society of Chemistry 2024
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Wang et al. reported the fabrication of an electrochemical
sensor based on PEDOT-AuNF (gold nanoflower) supported on
graphene oxide (GO) sponge for the sensitive detection of
ochratoxin-A carcinogenic substance. This sensor consisted of
a 3D sponge-like porous graphene oxide structure, which
exhibited high electrical conductivity and a large surface area.
PEDOT-AuUNF was synthesized via an ionic liquid-assisted one-
pot method and adhered on GO sponge through n-n packing
interaction. The sensor probe to detect the target analyte was
ochratoxin aptamer, which was conjugated on the surface of
GO/PEDOT-AuNF through thiol-Au coupling. The developed
sensor showed a linear detection range of 0.01-20 ng L™*
ochratoxin with an LOD of 1.4 pg L™". The high signal amplifi-
cation from GO and AuNF structures enhanced the sensitivity
of the sensor platform. This sensor exhibited high sensitivity,
selectivity and stability.">®

Jyoti et al. developed PEDOT swaddled CoWO, nano-cap-
sules for the detection of phenacetin, which is an antipyretic,
non-opioid analgesic drug and adulterant in narcotic drugs.
The senor platform consisted of an MIP design having PEDOT
wrapped with CowO, for the highly sensitive detection of the
target analyte. CoWO, was prepared through the hydrothermal
technique, which was wrapped by PEDOT through the chemi-
cal polymerization of the corresponding monomers. The
electrostatic force between thiophene sulfur present in PEDOT
and metal atoms was the driving force for the formation of the
polymer and molecularly imprinted metal nanocomposites.
The nanostructure design of the newly developed MIP platform
with many imprinted sites for the binding of phenacetin pro-
vided an excellent sensor sensitivity of 0.14 pA nM™" ecm™> and
detection limit of 0.091 nM."*°

6 Conclusions, challenges and future
perspectives

Since the development of thiophene as a conducting polymer
for diverse applications, seamless efforts have been devoted to
designing derivatives of thiophene with the aim to achieve
extra stability and exciting material properties. Among them,
3,4-(ethylenedioxythiophene), and recently 3,4-(propylenediox-
ythiophene) are the most promising molecules with tunable
properties. The most exciting properties of PEDOT and
PProDOT materials highlight their superior biocompatibility,
which make these materials a shining star in the field of bio-
sensors, tissue engineering, cell-mimicking platforms, wear-
able healthcare devices, biotechnology, etc. The fine tuning of
the material properties can be achieved mainly through (i)
introducing novel functional groups such as carboxylic acids,
hydroxyl groups, amines, thiols, alkenes, etc. and (ii) surface
tuning of the material with different polymerization methods
to impart novel nanostructures. Engineering nanostructures of
conducting polymers with different functional groups can
modulate the conjugation of biomolecules such as antibodies,
aptamers, enzymes, cell receptors, and tissues, enabling the
novel material to communicate with the surrounding biologi-
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cal environment, which is a design termed bio-sensors. The
design of these biosensors with nanoscale dimensions endows
them with extraordinary properties such as excellent electron
transfer between the senor probe and transducer and large
surface area, which helps to immobilize more recognition
elements, enhancing the sensor sensitivity. Combining all
these features in the surface allows the unique properties of
materials to be employed in novel nano biosensor designs.
PEDOT and its derivatives, recently PProDOT derivatives with
nanostructured assembly or nanocomposite forms were used
for the development of nano-biosensors.

According to our analysis of the various research outcomes
reported in the past few years on the design, development and
applications of PEDOT/PProDOT nano-biosensors, we con-
cludes that many efforts have been devoted to designing novel
nano-biosensors with exceptional properties. In this case, it is
necessary for biosensors to possess the features of sensitivity,
selectivity, stability and reproducibility. Great efforts have been
devoted to designing novel PEDOT derivatives with side chain
functionalization as one of the attractive approaches utilized
by researchers. This functionalization of the PEDOT side chain
can bypass the solubility issues of polymeric materials, while
enabling their deposition on the sensor substrate platform.
Also, the access to bio-conjugation by exploring synthetic
organic chemistry imparts an excellent opportunity for functio-
nalized PEDOT materials. In addition, as soft semi-conductive
materials, exploiting all the possibilities of the electropolymer-
ization technique with or without templates can provide
diverse nanostructures in different dimensions such as nano-
tubes, nanodots, nanowires, nanoflakes and nanofibers.
However, it can be observed that the majority of nano-bio-
sensors developed during the past few years were based on
nanocomposites of PEDOT derivatives, particularly PEDOT
nanocomposites and PEDOT:PSS/nanocomposites. These
nano-biosensors possess the electrocatalytic properties of the
conducting polymer and electron transfer and high surface
area of different nanomaterials. The booming development of
novel biosensors with promising sensitivity, selectivity and
excellent limit of detection has been observed since the surge
of the COVID-19 pandemic recently. These biosensors include
different conducting polymers, particularly PEDOT nano-
materials/polymer nanocomposites, sensor probe conjugation,
novel detection techniques, signal amplification devices such as
OECT, OFET, and FET, and wearable electronics for the continu-
ous monitoring of diseases. These devices are highly promising
for the detection of cancer biomarkers, glucose, lactate, and cor-
tisol for the early diagnosis of diseases, toxic gases, pollutants,
drugs and poisonous chemicals for environmental monitoring,
toxicology, marine and aquatic monitoring.

The design and development of diverse nano-biosensors
with PEDOT/PProDOT nanostructures/nanocomposites in the
past years, especially the thriving progress since the COVID-19
pandemic demonstrate the high demand for novel sensor plat-
forms for the detection of biomolecules. However, our analysis
on recent research works published on PEDOT/PProDOT nano-
biosensors showed that there are still challenges associated
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with the development and design of nano-biosensor platforms.
We observed that ProDOT derivatives or PProDOT/nano-
composites have not been sufficiently explored for the develop-
ment of biosensors. As a new member of the thiophene family,
PProDOT and its derivatives have only recently started to be
explored for various applications. Alternatively, novel ProDOT
materials with different functional groups on their side chains
can be used to conjugate various recognition probes.
Furthermore, the introduction of polar groups on the two
sides can bypass the insolubility issues of the monomer,
enabling it to be dissolved easily in different solvents for the
polymerization process. Very recently, many synthetic strat-
egies have been used to design novel ProDOT scaffolds
through tailoring different functional groups. Miniaturization
of nano-biosensor platforms for the continuous monitoring of
biomarkers is another challenge in the development of wear-
able bioelectronics. Most of the reported wearable biosensor
platforms explored body fluids such as perspiration, saliva and
tears to extract the target analytes. Non-invasive sample collec-
tion is one of the attractive design strategies used to build
body mountable biosensor platforms for real-time disease
monitoring. However, despite the high biocompatibility and
soft nature of PEDOT/PProDOT materials, they are not always
suitable candidates for the fabrication of wearable bioelectro-
nic platforms. In this case, nanomaterials of PEDOT/PProDOT
derivatives must be stable in the high concentrations of body
fluids, which may contain many other interfering salts and
compounds. These difficulties need to be overcome through
the design of PEDOT/PProDOT molecular scaffolds with side
chain functionalization or post-functionalization strategies.
Besides the molecular design of PEDOT/PProDOT derivatives
for wearable applications, there are also challenges associated
with these nano biosensors in environmental, toxicology, for-
ensic and aquatic applications. These applications require the
stability of the polymer platform with the recognition probe
such as antibodies, aptamers, enzymes, tissues and cells to be
addressed in different environments. The bio-recognition
probes immobilized on the polymer scaffolds should possess
high binding affinity to ensure the stability of the sensor plat-
form. High temperature, humidity, acidic, basic or high salt
concentrations with highly reactive interfering chemicals are
the real obstacles in the design of biosensors. These chal-
lenges also need to be addressed through the careful
functionalization of the polymer side chain or novel conju-
gation methods for the sensor probe.

Intriguing approaches to address these challenges for the
development of PEDOT/PProDOT nano-biosensors mainly
focus on the monomer design strategies, polymerization to
create nanostructures, conjugation methods involving strong
binding between the recognition element and polymer surface
as well as the substrate used to deposit polymer material.
Molecular design is the art of creating novel materials with
tunable properties. In this case, considering PEDOT as a cham-
pion material for the development of nano-biosensors, many
promising design strategies have already been used to design
sensor platforms. Tailoring diverse functional groups in the

This journal is © The Royal Society of Chemistry 2024
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side chain can solve the solubility issues in both aqueous and
non-aqueous media together with facilitating the sensor probe
conjugation. The sensor probe conjugation strategy is another
perspective in the future that should be explored to increase
the sensitivity of the sensor device. This includes the strong
covalent attachment of the recognition element on nano-
structured/nanocomposite platforms. Besides the classical
conjugation methods such as EDC/sulfo-NHS coupling and
isothiocyanate methods, novel methods can be developed
based on the green chemistry approach, pericyclic reaction
strategies, click chemistry, photoreactions or even the possi-
bility of sonochemistry. Another future aspect anticipated for
the development of nano-biosensor platforms is to explore
PProDOT and its derivatives. PProDOT derivatives with regio-
regular structural design can impart enhanced detection capa-
bilities. Another strategy for the design of PEDOT/PProDOT
nano-biosensors is the exploration of polymerization methods.
Electrochemical polymerization techniques are interesting
methods that produce engineering nanostructures with/without
templates using EDOT/ProDOT monomers. Fine tuning of the
electrochemical polymerization conditions together with diverse
PEDOT/PProDOT side chain cues can impart exciting nano-
structures to enhance the sensor sensitivity.

Another strategy to explore the design of nano-biosensors is
the use of cost-effective platforms as the sensor substrate. For
example, the use of paper as the electrode platform presents an
easily available, inexpensive, flexible and lightweight material to
design wearable nano-biosensors. Other flexible platforms
include PET films, polyimides, fabric materials, threads, plant
leaves, tattoos, gloves, face masks and contact lens. These plat-
forms with nanostructures of PEDOT/PProDOT have potential for
use as wearable nano-biosensors with novel molecular designs,
diverse nanostructures and the possibility of multiplex sensing.

Finally, we look forward to the miniaturization aspects of
PEDOT/PProDOT nano-biosensors for wearable electronics as
well as environmental monitoring. Similar to the use of
different flexible and cost effective substrates, miniaturized
devices can help monitor diseases and different analytes
without requiring sophisticated instrumentation and sampling
methods. The exploration of these miniaturized devices with
high signal amplification electronic platforms such as OECT,
OFET, and FET can enhance the sensitivity and selectivity of
sensors to the next level. The ultra-sensitivity of these devices
through high signal amplification from the nanostructures
and transistor devices can achieve extremely low limits of
detection. These nano-biosensor platforms with multiplex
detection strategies will be the next generation of smart nano-
biosensors for the continuous monitoring of disease bio-
markers from home setting functions and environmental, for-
ensic and aquatic monitoring.
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