N

N
N

HAL

open science

Conjugated Polymers for Aptasensing Applications

Razieh Salimian, Corinne Nardin

» To cite this version:

Razieh Salimian, Corinne Nardin. Conjugated Polymers for Aptasensing Applications. Biomacro-

molecules, 2023, 24 (8), pp.3411-3437. 10.1021/acs.biomac.3c00050 . hal-04189602

HAL Id: hal-04189602
https://univ-pau.hal.science/hal-04189602v1
Submitted on 3 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://univ-pau.hal.science/hal-04189602v1
https://hal.archives-ouvertes.fr

Conjugated Polymers for Aptasensing Applications

Razieh Salimiam**’, Corinne Nardin®*
2Universite de Pau et des Pays de I’Adour, E2S UPPA, CNRS, IPREM, Pau, 64053, France

*Email: corinne.nardin@univ-pau.fr, rs2964@bath.ac.uk

#R.S and C.N contributed equally to this paper.

ABSTRACT. Rapid and specific assaying of molecules that report on a pathophysiological
condition, environmental pollution, or drug concentration is pivotal for establishing efficient
and accurate diagnostic systems. One of the main components required for the construction
of these systems is the recognition element (receptor) that can identify target analytes.
Oligonucleotide switching structures, or aptamers, have been widely studied as selective
receptors that can precisely identify targets in different analyzed matrices with minimal
interference from other components, in an antibody-like recognition process. These
aptasensors, especially when integrated into sensing platforms, enable a multitude of sensors
that can outperform antibody-based sensors in terms of flexibility of the sensing strategy and

ease of deployment to areas of limited resources. Research into the compounds that



efficiently enhance signal transduction and provide a suitable platform for conjugating
aptamers has gained a huge momentum over the past decade. The multifaceted nature of
conjugated polymers (CPs), notably their versatile electrical and optical properties, endows
them with a broad range of potential applications in optical, electrical, and electrochemical
signal transduction. Despite the substantial body of research demonstrating the enhanced
performance of sensing devices using doped or nanostructure-embedded CPs, few reviews
are available that specifically describe the use of conjugated polymers in aptasensing. The
purpose of this review is to bridge this gap and provide a comprehensive description of a
variety of CPs, from a historical viewpoint underpinning their specific characteristics and
demonstrating the advances in biosensors associated with the use of these conjugated

polymers.



1. INTRODUCTION

Owing to technological advances, current accurate data monitoring in various applications,
including pharmaceuticals assessment, environmental testing, forensic science, food analysis,
and clinical diagnostics can be easily accomplished using analytical sensing devices. A sensor
is usually an electronic device that is composed of (i) a transducer, that recognizes the target
analyte and converts this chemical interaction into a measurable signal (e.g., colorimetric,
fluorometric, surface plasmon resonance (SPR), conductometric, field-effect transistor (FET),
electrochemiluminescence (ECL), photoelectrochemical (PEC) and electrochemical setting),
(ii) an electronic circuit for signal processing, and (iii) a showcasing component, to display
the output signal. Sensors utilizing biorecognition elements (e.g., aptamers, antibodies,
peptides, affimers, nucleic acids, and enzymes) to detect specific targets are referred to as
biosensors.! In general, a biosensor’s function is significantly depending on the affinity of the
biorecognition element towards target analyte, the signal transduction, and amplification.
Consistent with this, increasing interest is being drawn into incorporating aptamers (in terms
of selectivity) and nanomaterials and/or nanocomposites (in terms of detection sensitivity)

into sensing platform.?*-Such amplification can effectively boost the biosensor performance.>



The advent of conjugated polymers, depicted in Figure 1, has supported studies in multiple
fields including energy storage, design of nanoelectronic and optical devices, and chemical

and biological sensors.’
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Figure 1. Monomeric platforms for multiple conjugated polymers

CPs are cost-effective materials that are easily processed (on various substrates),via
chemical/electrochemical methods and exhibit both electroactive and photoactive properties.
In addition, their electrical conductivity, biocompatibility, sensitivity, mechanical and
thermal stability make them attractive for biosensor construction.!® ' Moreover, their rich
synthetic chemistry offers the possibility of fine-tailoring with versatile functional groups for
a particular application (e.g., immobilization of biological components, the introduction of
redox activity, change of conductivity, modification of optical property, controlling the steric

hindrance in the polymer chain, etc.)."?

From a structural perspective, these m-conjugated polymers possess high electron mobility
along the individual chain, commonly referred to as molecular wires. Doping these CP

structures to generate positive or negative charge carriers within the polymeric backbone has



been demonstrated to enhance their optical properties and electronic conductivity.!® 4
Depending on the type of CP, either n-type (electron injection into CP backbone) or p-type
(withdrawing electron from CP backbone; i. e. hole injection), doping could raise the
polymer's conductivity from insulating to metallic state.!” !> Figure 2 depicts the doping
process and how it affects the various properties of CPs. In terms of optical properties, it has
been reported that upon doping, transparent CP with a wide band gap turns colored,
similarly, a colored CP with a medium band gap becomes transparent when oxidized.'> ¢
Figure 2B shows UV-vis reflection spectra of polyaniline (PANI) and UV-vis absorption
spectra of poly(3,4-ethylenedioxythiophene) (PEDOT) showcasing the alternation of optical
property of the electroactive polymers by an electrochemically induced redox reaction; a
phenomenon called electrochromism (Platt., 1961).17° These redox processes modify the
electronic properties of the polymer, causing alterations in its color. Oxidation or reduction
(doping) of the polymer results in a modification of the band gap (E;), which is the energy
difference between the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) potentials. These modifications in the band gap led to color

changes, enabling electrochromic materials to display a range of colors.?!
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Figure 2. (A) Diagram illustrating the reversible electrochemical p-doping/p-dedoping of CPs. Adapted with permission from Ref:"’ Copyright©
2016, Springer International Publishing Switzerland. (B) Spectroelectrochemistry of (i) PANI and (ii) PEDOT film: optical variation in the
visible region as a function of applied potentials and the respective produced colors, from an electrochromic device. Adapted with permission
from Ref.'® Copyright© 2019 American Chemical Society and from Ref-* Copyright© 2005 Royal Society of Chemistry.

In addition to doping, the incorporation of nanomaterials (e.g., carbon nanostructures and
metal nanoparticles; either as dopants or hybrid) in the polymer matrix can also affect the
properties of the final polymer composite.”?* Accordingly, the increased surface area, high

catalytic activity, enhanced charge/electron transport, and improved mechanical stability



(i.e., related to the synergistic effect), contribute to stability, reproducibility, fast response,
and low limit of detection (LOD) of the designed sensing device.”® Despite the remarkable
features of these doped molecular wires and their nanohybrid polymeric composites, there is
still a need for further improvement in the sensing performance of CP-based devices in terms
of selectivity. Molecularly imprinted polymers (MIPs), mimicking biorecognition elements,
were introduced as synthetic receptors to address this issue.? However, limitations related to
imprinting bio-macromolecules (e.g., larger cell and microbial cell), deep template
embedding, proteins with similar conformations, and difficult accessibility to binding sites, 2"

8 have led to the search for potentially more promising alternatives.

The huge library of biorecognition elements (e.g., enzymes, affimers, cells, peptides, and
nucleic acids) highlights the selectivity in detection methodology. Of special focus, aptamers
have gained a huge interest, by virtue of the ease of their synthesis, selection, and
production. Nucleic acid aptamers are single-stranded RNA or DNA oligonucleotides that are
synthesized by selection from a large random sequence pool, in the process of systematic
evolution of ligands by the exponential enrichment (SELEX) process targeting wide range of
analytes (e.g., ions, metals, toxins, small molecules, whole cells, bacteria, proteins, and
DNAs).? 30 Aptamers, known as artificial chemical antibodies, outperform other biological
elements in terms of affinity and stability, based on reports.3'3* Aptamers can be easily
immobilized/entrapped on/into the polymer backbone through physical or chemical

bonding, where the aptamer-target interaction is translated into various readable signals



including optical, electrochemical, and electrical signal.®® Integrating aptamers within CPs
has supported their sensing capabilities, as a conformational change of the aptamer upon
binding to a target is reflected by a change in the intrinsic properties of the CP. Currently,
aptamers play a pivotal role in designing electroanalytical devices for different applications,
clinical trials, and detection of environmental, and food contamination. (a) detection of
mycotoxins (e.g., ochratoxin A (OTA) and aflatoxin B1 (AFB1)) (OTA-Sense and AflaSense;
NeoVentures Biotechnology Inc.), (b) detection of  active thrombin
(OLIGOBIND®Thrombin activity assay, Sekisui diagnostics, LLC), (c) isolation of biomarker
positive cell (AptoPrep™ and AptoCyto™, AptSci Inc.), (d) discovery and diagnostics of
multiple biomarkers (SOMAscan, SomaLogic Inc.), (e) detection of theophylline (Apta-
Beacon™, Aptagen, LLC) and recently, (e) rapid Covid-19 diagnostic test (AptameX™,
Achiko AG), are some examples of the commercialized aptamer-based diagnostic products
that illustrate how quickly the aptasensing methodologies are developing.®> 3¢Herein, we
provide a comprehensive overview of CP-based biosensors with the main focus on
aptasensors. The principle of detection methodologies and synthesis routes are not discussed
in this review given the extensive literature already available in this field.3° A broad range
of CPs, classified according to their structure, and their application in biosensing is discussed;
starting from DNA biosensors to aptasensors. Furthermore, the concept of polymer doping
and the combination of nanomaterials into polymer composite materials is thoroughly

addressed in a variety of biosensor designs and methodologies.



2. A REVIEW OF CONJUGATED POLYMER-BASED APTASENSORS SINCE
2010: FROM DISCOVERY THROUGH STRUCTURAL INVESTIGATION TO
BIOSENSING; OPTICAL, ELECTRICAL, AND ELECTROCHEMICAL

SENSING TECHNIQUES.

A.  ALIPHATIC CONJUGATED POLYMERS

L  Polyacetylene (PA)

Historically, polyacetylene (PA) provided the foundation of research on conducting
polymers.* The first polymerization of acetylene was reported as early as 1958 by Natta and
co-workers (i.e., polymerization of acetylene in hexane using EtsAl/Ti(OPr)s (Et= ethyl,
Pr=propyl) as a catalyst). The prepared polyacetylene with identical structure to a very long
conjugated polyene, has not been accepted widely in the field.* For 20 years, PA has raised a
great deal of interest, possessing the lowest bandgap among studied parent CPs (band gap
energy E; = 1.5 eV),”? in the optoelectronic field.*> * By the end of the 1970s, Heeger,
MacDiarmid, and Shirakawa discovered that PA's conductivity is increased markedly
through halogen doping which is referred to as synthetic metal.*> * In 2000, they have been
awarded a Nobel Prize in Chemistry “for the discovery and development of electrically

conductive polymers”*

PA exists in two isomeric conformations named “cis” and “trans”, with the latter being
thermodynamically more stable at room temperature. CPs have a common structure of an

alternating pattern of single and double bonds.*® As the number of carbon atoms in



polyacetylene molecule increases, the number of m-electrons increases, and subsequently, the
energy levels of m and 1" orbitals split further, insofar as these discrete molecular orbitals
merge into two quasi-continuous energy bands. These two bands are equivalent to the

valence and conduction bands of inorganic semiconductors, as illustrated in Figure 3A.#
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Figure. 3. Schematic representation of (4) energy diagram for the formation of m orbitals of polyacetylene of various length. (B) (i) and (iii)
potential energy change depending on the deformation coordinate of conjugated polymer with the degenerate ground state (trans-polyacetylene
(trans-PA)) and non-degenerate ground state (poly(thiophene)), respectively., and (ii) and (iv) the band structure of soliton (e.g., in trans-
polyacetylene), and polarons and bipolaron, (e.g., in poly(thiophene)). Adapted with permission under a Creative Commons (CC-BY 4.0) from
Ref™ Copyright © 2020 Elsevier Ltd.

Two configurations of trans-PA are of identical energy in the ground state (i.e., their
occurrence is of equal probability), and they can, thus, coexist in two domains on the same

chain, which creates a transition region between the two domains, associated with the
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formation of a structural defect known as a neutral soliton.>® Most m-conjugated polymers,
however, have a non-degenerate ground state, and instead, they are composed of aromatic
and quinoid structures that are energetically inequivalent (Figure 3B ((i) and (iii)).>* >' On
doping, the self-localized excitations are formed, called quasi-particles including solitons
(neutral, positive, and negative soliton), polarons, and bipolarons, that move relatively free
along polymer chains.>? Solitons are the charge carriers in degenerate systems (e.g., trans-
polyacetylene), conversely, polarons and bipolarons are the charge carriers in both
degenerate and non-degenerate systems (e.g., polypyrrole (PPy), poly(p-phenylene) (PPP),
polythiophene (PT)). In trans-polyacetylene, soliton formation creates new electronic states
within the band gap.!® >* At very high doping levels,>* % these states overlap and broaden to
form a soliton band, which eventually merge with the conduction and valence bands,
rendering metallic (metallic-like) conductivity to the polymer (Figure 3B, (ii)).* The
electronic bands illustrating the formation of polaron and bipolaron for conjugated polymers

with non-degenerate ground state are depicted in Figure 3B (iv).

Compared to CPs of larger bandgap categories, this non-aromatic polyene is a less stable
polymer, both doped and undoped, being prone to oxidation across the double bond.>® >” The
interaction of PA with oxygen increases initially, and decreases after a few hours, due to
irreversible oxidation which interrupts the flow of charges.”® To overcome this drawback,
substituting the acetylene backbones has been proposed as an alternative to improve the

properties of PA. Disubstituted polyacetylenes have been found to have a strong thermal
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decomposition resistance and an efficient emission of blue light.>* Research on PA is mainly
focused on developing fluorescent-based chemosensors capable of capturing analytes directly
through their functional groups.®*® It is worth noting that the discovery of PA prompted
studies on the (semi)conducting properties of numerous m-conjugated polymers and further

research efforts in the biosensing field.

1.  Polydiacetylene (PDA)

In 1969, Wegner et al. synthesized a new polyacetylene-like compound, resulting from the

1,4-photopolymerization of diacetylene under ultraviolet (UV) irradiation (Figure 4A).%
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Figure 4. (4) Polymerization and colorimetric characteristics of PDAs. Adapted with permission from Ref.”> Copyright© 2013 Royal Society of
Chemistry. (B) (i) Schematic illustration of the formation of PDA liposome from diacetylene monomers; PCDA and PCDA-Epoxy. followed by
the depiction of a PDA-based microarray for mercury detection. (ii) Fluorescence microscopy images of the PDA liposome arrays after 1 h
incubation at room temperature with Hg’" solutions in various concentrations. Adapted with permission from Ref% Copyright © 2009
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Polydiacetylenes (PDAs) possess remarkable optical properties including a colorimetric

transition from blue to red along with fluorescence enhancement triggered by external
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stimuli, such as temperature, pH, pressure, and the presence of biological molecules, which
makes them promising options for sensing application (Figure 4A). Diacetylene monomers
can be organized into various self-assembled configurations, (e.g., vesicles, Langmuir—
Blodgett monolayers, and single crystals),®> % which impact the physical, thermal, and
mechanical properties of the final polymeric structure.® Among these structures,
amphiphilic vesicles/liposomes (in the form of spherical lipid bilayer structures), are the most

commonly used structure of PDAs in sensing methodology.”

Detection of biological molecules using PDA structures dates back to 1995 when Charych
et al.”! introduced PDA-vesicles decorated with specific binding ligands for the detection of
influenza virus and cholera toxin.”> 7 A wide range of functional groups can be incorporated
into the monomer structure to facilitate the attachment of biorecognition elements, which
upon binding to the analyte, impose stress on the polymer backbones, resulting in analyte
recognition.” One of the first aptamer-conjugated PDA-liposome was reported by Lee et al.%
In this platform, the sensor exhibits a color change due to the specific binding of aptamers,
tethered to the epoxy-terminated 10,12-pentacosadiynoic acid (epoxy-PCDA), to mercury(II)
ions. The conjugated ene-yne backbone of PDA-liposomes is perturbed by the steric
repulsion force between bulky T-Hg-T complexes (T; Thymine), resulting in red
fluorescence emission (LOD =5 uM) (Figure 4B). In another study, Wen et al. used 10,12-
tricosadiynoic acid (TCDA) liposomes to examine the sensitivity by incorporating aptamer

with different linker lengths, base lengths, and configurations, each having a differing effect

14



on steric repulsion, for the naked-eye detection of Zn?* (LOD = 125 uM).”> Table 1 presents
an array of PDA-based aptasensors, mostly using optical methods, designed for the detection

of various analyte targets, such as ions, bacteria, and cells.”s%
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Table 1. Examples of PDA-based aptasensors

Analyte PDA Liposome Detection Linear Dynamic Range LOD
Method (LDR)
Thrombin’® TCDA-NHS:PCDA Colorimetry 0-10 uM 0.5 uM
Limit of visual detection
E. coli O157: H7™ PCDA Colorimetry 10* - 108 CFU/mL 10* CFU/mL
MUCI 7 PCDA-NHS:PCDA Fluorescence 0-50 nM 0.8 nM
Potassium’’ PCDA-linker- Colorimetry - 0.1 mM
NHS:PCDA
Fluorescence 0.5-50 mM 0.5 mM
Bacillus thuringiensis® TCDA-NHS:PCDA Colorimetry - 3 x 107 CFU/mL
(3 %1073 x 10" CFU/mL)

In most of these examples, PCDA is used as a spacer in liposome structure. Escherichia coli 0157: H7 (E. coli).
NHS: n-hydroxysuccinimide

B. AROMATIC AND HETEROAROMATIC CONJUGATED POLYMERS

L  Polyaniline (PANI) and PANI derivatives

Polyaniline (PANI) has a longer history than polyacetylene, which started with Ferdinand
Runge's report on aniline oxidation in 1834 and was completed by Henry Letheby's report on
its electrochemical oxidation in acidic media in 1862.8! In the early stages, aniline black was
considered as an aniline octamer in different oxidation states.?? Afterward in 1910, Green and
Woodhead described different oxidation states ranging from the fully reduced
leucoemeraldine through the partially oxidized protoemeraldine, emeraldine and nigraniline,

to the fully oxidized pernigraniline.®® However, PANI was not called polymers for a long
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time, since the existence of macromolecules was not accepted until the 1920s.8* In 1967, the
first real breakthrough for PANI came with Rene Buvet and Marcel Jozefowicz, who
proposed that this organic protolytic poly-conjugated macromolecule has redox properties
and its conductivity is of electronic origin. Additionally, they demonstrated that PANI
possesses ion-exchange properties.® Afterward, Diaz and Logan conducted further studies on
the formation of the electroactive polyaniline films based on their initial research on pyrrole
electropolymerization.® Studies on PANI showed that the conductivity of PANI depends on
two main variables: the oxidation state of the polymer and the degree of protonation of the
nitrogen atoms within its backbone and can be controlled reversibly by doping mechanisms
(Figure 5).82871 It has been established that the protonated emeraldine form of polyaniline is

the most conductive.*?
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Figure 5. (4) Different redox/protonation states of PANI and their corresponding colors. Adapted with permission under a Creative Commons
(CC-BY 4.0) from Ref:*. Copyright © 2017 MDPI. (B) Another view of PANI states and color switching during cyclic voltammetry experiment.
Adapted with permission from Ref.'®. Copyright© 2019 American Chemical Society.

The first PANI-based DNA hybridization assay was developed using gold nanoparticles-
doped PANI (i.e., in neutral media), and analyzed using both electrochemical (EC) and
surface plasmon-enhanced fluorescence spectroscopy (SPFS) methods.”® Thereafter, Luo and
coworkers reported the first label-free conductometric aptasensor for the detection of
immunoglobin (IgE) in 2011.%* In general, PANI-based sensors offer a valuable advantage in
biosensor design due to their amino-rich surface, which facilitates the attachment of
biomolecules. In this work, upon the target-aptamer binding, the conductance of
electrochemically synthesized PANI nanowires rapidly increases due to the accumulation of
negatively charged IgE (in pH 7.4 PBS, pI=5.2-5.8) in a p-type nanowire which resulted in a
fast and real-time sensing assay accompanied by excellent specificity and ultra-sensitivity

(LOD=0.56 pg mL"! which corresponds to a 2.8 fM concentration, in 5s).

The development of PANI-based nanocomposites is an effective method for incorporating
new features into polymer materials and enhancing their properties.®> * Taking this into
account, Liu et al. studied the graphene/PANI-based aptasensor for the sensitive detection of
dopamine using square wave voltammetry (SWV). Upon introduction of the target, binding-
induced steric hindrance reduces the efficiency of electron transfer of the Fe(CN)¢*"* redox
probe, leading to the decrease of the electrochemical current. The aptasensor demonstrated a

limit of detection as low as 0.00198 nM.%"
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PANI exhibits an intriguing reversible redox behavior, making it a suitable option for
(bio)electrochemical sensing applications as its signal can be triggered by external stimuli.
However, the redox activity of PANI ceases in aqueous media at pH > 4, thus restricting its
application to specific bioassays. To overcome this drawback, adding self-doping functional
groups to the polymer backbone,”® doping PANI with negatively charged structures (e.g.,
polyelectrolytes”, metal'®, and carbon nanostructures'®’) were proposed as alternative
strategies to extend its electroactivity beyond neutral pH. Generally, the inserted groups
(e.g., sulfo, carboxyl) change the micro-environment of the nitrogen atoms in the PANI
chain and shift the local pH.'” Accordingly, Su. et.al. designed a thrombin detection
platform based on self-doped PANI, fabricated chemically in the presence of multiwalled
carbon nanotubes (MWCNTs), by following the redox signal of PANI-MWCNTs in

phosphate buffer solution (pH 7.4), (LOD of 80 fM).1%3

Besides serving as the electrode modifying layer, the application of PANI as an
electroactive probe was also investigated for bioanalyses. This approach involved the
deployment of CPs, alone or in the form of polymeric nanocomposite, decorated with
secondary biorecognition elements (e.g., antibodies and nucleic acids; also known as nano-
bioconjugates),'* to enhance signal transduction and highlight the presence of target.!® The
role of labels in the signal amplification pathway is categorized as follows: (i) catalyst, (ii)
redox-active species, or (iii) carrier of reporter molecules.!® Therefore, polymers having

specific properties could act as redox tags, carry redox probes, or exhibit catalytic activity,
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enabling the sensing signals to be further enhanced. For instance, in the aptasensor
developed by Bai et al,, the excellent redox and electrocatalytic activity of the fullerene-
doped PANI (Ce-PANI) nanohybrids applied for highly sensitive detection of the
mycobacterium tuberculosis MPT64 antigen. The MPT64 antigen was detected in the range

of 0.02 to 1000 pg mL! by differential pulse voltammetry (DPV) (Figure 6A).!%
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In another study, Wei et al.!® described the use of a hemin/G-quadruplex structure, as

HRP-mimicking DNAzyme, for ochratoxin A (OTA) detection. They described that the

formation of hemin/G-quadruplex in the presence of OTA catalyzes the oxidation
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polymerization of aniline to PANI in the presence of H:02, on DNA tetrahedral
nanostructures (DTN) as depicted in Figure 6B. The amplified signal of PANI was recorded in
the acetate buffer (pH 4.3). The reported procedure showed a wide linear detection range

spanning two orders of magnitude, with a detection limit as low as 0.26 pg mL.

Other than electrochemical techniques, PANI has also been applied in
electrochemiluminescence (ECL) bioassays, which involve the emission of light from
electrochemical reactions. In the development of an ECL cytosensor, electrochemical
approaches were used for in situ synthesis of NiS@CdS/PANI nanofibers to detect MCF-7
cancer cells. The amplified ECL emission was monitored in PBS containing K25:0s (pH 7.4),
as a co-reactant, in a wide linear dynamic range of concentration from 12 to 1.2x10° cells mL-

1 with a limit of detection as low as 8 cells mL1.110

Following the development of aptasensors based on PANI, phenylenediamine (PDA), and
aminobenzoic (ABA) acids, other derivatives of aniline with distinct properties from aniline
itself, were also considered. Although the conductivity of these redox-active polymers is
lower than that of the parent PANI, the outstanding properties of these functional polymers
have stimulated increased interest owing to their homogeneous electrochemical deposition
and strong adherence to solid surfaces.!'! Moreover, carboxylated polyanilines, known as
self-doping structures, possess a high electron density of carboxyl groups and a high
biomolecule binding capacity. These features render polyaniline derivatives suitable

candidates for both optical and electrochemical biosensing.!!? The first fluorescent aptasensor
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for thrombin detection using polymethylphenylenediamine (PMPDA) rods as a sensing

platform was introduced by Zhang and coworkers.!® Since PMPDA reveals no absorption in

the visible range, they believed that the photoinduced electron transfer (PET) from a

nitrogen atom of PMPDA to an excited fluorophore FAM-labeled aptamer, adsorbed via m—m

stacking on the PMPDA surface, caused quenching of the dye fluorescence that is

regenerated in the presence of the target protein. This mechanism was utilized for sensitive

detection of thrombin (LOD=100 pM) which is much lower than that of commonly reported

for carbon nanostructures (Figure 6C). Table 2 summarizes the biosensing applications of

PANI and PANI derivatives in a variety of buffered media toward the detection of arrays of

analytes mainly through electrochemical methods.!3-13

Table 2. PANI-based Aptasensors
Analyte PANI and/or its Detection Reporter Species/Signal LDR LOD
derivatives Method Reporter
OTA'?® ITO/PANI EIS Fe(CN)g*+ 0.1 ng/mL"!' - 10 ng mL"! 0.1 ng mL"!
1 pg/mL" —25pg mL!
Thrombin'"? GCE/AuNPs/MPTS-GOD/Au- (&% FAD/FADH; 1.0x1072-3.0x 10* M 5.6x103 M
PANI-Graphene
(redox couple of GOD)
Kanamycin'*® GCE/PANI- DPV HQ 5%10°-4x102pg mL- 4.6x10° pg mL"!
Graphene/PAMAM-Au NPs !
Oxytetracycline GCE/GO-PANI/Au NPs (6\% HQ 4.0x10° 1.0 mg L 2.3x10°mg L™
(OTc)l37
Tetrodotoxin GCE/PANI/PSSA EIS PANI 0.23-1.07 ng'mL"! 0.199 ng mL™!
ABS (pH 4.8)
(TTX)!6
Acetamiprid'?’ SPE/PANI/Au NPs DPV 1-naphthol 0.086 uM

24




Cocaine'"® SPE/3D-MRGO/PANI/AuNP EIS Fe(CN)g*/* 0.09 - 85 nM 0.029 nM

E. coli O157:H7"% GCE/PANI/Copper-based MOF DPV Methylene Blue 2.1x10" - 2.1x107 CFU 2 CFU mL"!
mL!
Aflatoxin Bi (AFB))''® GCE/rGO/MoS2/PANI@Chitos DPV Fe(CN)g*/* 0.01-1.0 fg mL"! 0.002 fg mL"!
an@AuNPs
Thrombin'* GCE/PANI/P(3-ABA) inserted DPV PANI 1pM - 10 nM 0.64 pM
in PVA (Hydrogel with PBS (pH 7.4)
Antifouling Performance)

Zearalenone (ZEN)'?° GCE/Au NPs-PANI-Au NPs Amperometry H>0» 1 fgmL! — 100 ng mL"! 0.45 fg mL"!
Prostate Specific GCE/PANI/Au NPs DPV Fe(CN)g** 0.1 pg mL"! - 100 ng mL- 0.085 pg mL"!
Antigen (PSA)'* (Peptide; Antifouling) !

Aflatoxin M1 GCE/Layer-by-Layer PANI (6)% PANI
(AFM1)!2! (Aptamer within two PANI PBS (pH 3.0)
layers) 3 to 90 ng mL"! 1-5 ng mL"!
EIS Fe(CN)g>"*
MCF-7 (Human Breast PANI DPV PANI 50 - 10° cells mL"! 20 cells mL™!
Cancer Cells)'? (Branched peptide; PBS (pH 7.4)
Antifouling)
Dam MTase Activity'? ITO/PANI/Au/Peptide ECL ECLrrcni:/ ECLAw@luminol 0.05-100 U mL"! 0.02 UmL"!
(peptide ; Antifouling) (ratiometric signal)
Staphylococcus aureus Sulfonated PANI EIS Fe(CN)g*+ 1x10'—1x10° CFU 2 CFU mL"!
(S. aureus)'” mL"!
ATP'3 GCE/Graphene/PoPD DPV Methylene Blue 10 nM-2 mM 0.3 nM
(i.e., labeled aptamer)
MUC1'* GE/PoPD/AuNPs DPV Thionine 1-100 nM 1 pM
Insulin'' PGE/PoPD/AuNPs EIS Fe(CN)g** 1.0-1000 nM 0.27 nM
Thrombin'3* GCE/Au NPs DPV PoPD (Nanoprobe) 100 fM-20 nM 20 M
ABS (pH 4.5)
Aflatoxin B;'2 SPE/PANI-PAA DPV 1-naphthol 0.086 ng mL"!
Copolymer
B-lactoglobulin'? SPE/PANI-PAA Copolymer DPV 1-naphthol 0.053 pug L™
Thrombin!3¢ GCE/P(p-ABA) (6\% p-aminophenol 0.001 - 1000 ng mL"'! 0.3 pgmL* (8.3
™M)
MUC1!3¢ SPE/P(0-ABA) cv Methylene Blue 3-10 ppb 2.4 ppb
DPV 1-12 ppb 0.62 ppb
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IL-6"! GCE/P(p-ABA)/p- EIS Fe(CN)g*/* 5 pg mL'-100 ng mL"! 1.6 pg mL™!
aminothiophenol/Au NPs

IgE' GCE/P(m-ABA) DPV Fe(CN)g*+ 0.001-50.0 ng mL"! 0.52 pg mL"!
(Peptide-Antifouling)

MTPS; 3-mercaptopropyl) trimethoxy silane. GOD; Glucose oxidase. GO; Graphene Oxide. PSSA; poly(4-styrenesolfonic acid). ABS; Acetic Buffer
Solution. DEA; Diethanolamine Buffer. MOF; Metal-Organic Framework. 3-ABA; 3-aminophenylboronic acid. PVA; polyvinyl alcohol. 3D-MRGO;
Three-dimensional magnetic reduced graphene oxide. MCF-7; Michigan Cancer Foundation-7. PTC-NH2; The amino-terminated perylene
derivative. PoPD; Poly(o-phenylenediamine). PGE; Pencil Graphite Electrode. PAA; Anthranilic acid. SPE; Screen-Printed Electrode. IL6;
Interleukin-6.

Recently, the electrochromic characteristic of PANI has also been studied for the detection
of bacteria (£. coli) using immunosensors,'® the approach that has yet to see the use of

aptasensing.

1.  Polypyrrole (PPy) and PPy derivatives

In contrast to PANI’s long history, one can trace poly(heterocycle)’s roots back to 1915
with work on a black precipitate named “pyrrole black” by Angelo Angeli. Donald Weiss
started reproducing the pyrrole ‘graphite' synthesis, reported by Riccardo Ciusa, to study its
structure and relative conductivity and finally, described it as follows “.....it is assumed that
the conductivity is of electronic origin.”. This was nearly 16 years before the report of Diaz
and coworkers in 1979 on the synthesis of conductive a polypyrrole film via
electropolymerization.”® In addition to describing the optimization of the electro-
polymerization process in terms of quality and reproducibility, Diaz also demonstrated that
this could be broadened to a wide family of conjugate systems.'*! Figure 7 depicts the energy

diagram and structure of PPy in different doping states.'*
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Figure. 7. (4) Chemical and (B) Electronic band structures of PPy in different doping states. Adapted with permission from Ref.'*. Copyright©
© 2021 Elsevier Ltd.

The oxidation potential of PPy (0.8V) is lower than that of any other aromatic heterocyclic
monomer, and its polymer is easily synthesized from a range of aqueous and non-aqueous
solvents."”® An oxidation of PPy over this potential (0.8 V) leads to undesirable degradation
and loss of electroactivity due to the ejection of dopant. Nevertheless, overoxidation causes
the creation of oxygen-containing groups such as carbonyl on the polymer backbone,
increasing surface porosity and resulting in improved interaction between the surface and

cationic species. !4 145

As mentioned earlier, the amine functional groups of PANI are utilized for the covalent
attachment of biomolecules onto its scaffolds, whereas in the case of PPy, its derivatives pave
the way for assembling bio-elements and designing biosensors, especially in electrochemical
sensing platforms. Since the polymerization of aromatic heterocycles is performed through

head-to-head coupling (HH, 2-2'), head-to-tail coupling (HT, 2-5'), and tail-to-tail coupling
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(TT, 5-5'), 1, 3 and 4-positions are the best positions for the substitution, although, the
substitution of monomers results in polymers with reduced electrical conductivity due to

steric crowding induced by substituents that twist the polymer backbone from planarity.!¢

The early-stage investigation on DNA recognition using a PPy platform was introduced by
Korri-Youssoufi and Garnier in 1997.1%7 In this approach, a precursor unit of [(3-acetic acid
pyrrole):(3-N-hydroxyphthalimide pyrrole), with low steric hindrance between monomer
units, was electropolymerized on an electrode surface which further, was successfully used
for the detection of DNA hybridization in an aqueous solution. Afterward, in 2008, Yoon'#
reported PPy-based aptasensors based on FET platform. They depicted a FET sensor
decorated with one-dimensional (1D) carboxylic-acid-functionalized polypyrrole (CPPy)
nanotubes (CPNT) (copolymer of pyrrole and pyrrole-3-carboxylic acid (P3CA)). Label-free
detection of thrombin (LOD= 50 nM) was performed by using an electrolyte as a liquid-ion
gate. In this approach, the recognition ability of thrombin aptamers combined with the
inherent charge transport property of CPPy nanotubes yielded a direct and label-free
electrical readout system. In line with FET-based PPy sensors,'*'>” Kwon. et al.'*® developed
a flexible FET-type biosensor based on CPNTs for sensitive detection of vascular endothelial

growth factor (VEGF) at limits of detection as low as 400 M (Figure 8A).
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Figure 8. Schematic representation of (4) the CPNT-aptamer FET-type sensor configuration (R: reference electrode, C: counter electrode, S:
source and D: drain, G: liquid-ion gate, EG: gate potential). The FET sensor consists of a three electrodes system that was immersed in an
electrolyte (e.g., buffer solution) as a liquid-ion gate. (i) real-time response and (ii) calibration curves of FET sensors toward various
concentrations of VEGFs (CPNTi; corresponding to two different diameters of CPNT) Adapted with permission from Ref."**. Copyright © 2010
Elsevier Ltd. (B) a biosensor designed for PrPC detection tracing ferrocene redox signal. Adapted with permission from Ref:"’. Copyright ©
2014 Elsevier B.V. (C) (i) the fabrication process of PEC aptasensor modified with erGO/P5FIn/Au for AFB1 detection and (ii) its corresponding
photocurrent generation mechanism of erGO/P5FIn/Au modified electrode. Adapted with permission from Ref.'*’. Copyright© 2019 Elsevier B.V.

VEGF binding-induced structural switch of the aptamer conformation is triggered as
positively charged VEGF molecules (pI=8.5, in pH=7.5) screen out the negative charges of the
aptamer. Accordingly, VEGF-aptamer binding can induce positive point charges in the
liquid-ion gate dielectric near the CPNTs, leading to the accumulation of negative charge
carriers on the CPNTs surfaces and therefore, reducing the p-doping effect in it, which is
contributing to the decrease in Isp (i.e., source-to-drain current) by increasing VEGF
concentration. To improve sensitivity and increase the loading capacity of the modifying
layer, Korri-Youssoufi’s group developed a platform composed of redox-sensitive dendrimers
combined with PPy for human cellular prions (PrP¢) detection.’™ Using polyamidoamine
(PAMAM), as a biocompatible synthetic polymer, allows the conjugation of various
molecules owing to its surface functionality. In this approach, pyrrole and 3-(N-
hydroxyphthalimidyl ester) pyrrole (PyNHP) were grown as a copolymer on a gold electrode
and decorated with PAMAM dendrimers via covalent binding, followed by the attachment
of Fc redox markers that act as bridges between specific PrP¢ aptamer and PPy. The capture
of prion targets triggers a reduction in the Fc signal, attributed to low electron transfer or to
slow diffusion of electrolyte to the surface. The sensor was able to detect PrP¢ down to 0.8

pM (71.2 pg mL™") limit of detection (Figure 8B).
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Several other approaches were also studied on polypyrrole-based biosensors. For example,
Liao et al.'®! constructed a label-free impedimetric sensor based on aptamer-doped PPy. Real-
time monitoring of the impedance modulus showed that the sensitivity of the sensor
improved from 1 pg mL! (without polymer) to 10 ng mL" (with polymer) for specific protein
targeting. In another report, Ensafi et al. introduced a platform based on the combination of
a molecularly imprinted polymer (MIP) for the detection of bisphenol A (BPA)."¢ In this
work, PPy was electropolymerized on the pre-immobilized aptamer-BPA complex on the
electrode surface, after which BPA was extracted from the MIP structure. Using EIS, this
simple strategy enabled a detection limit as low as 0.08 M and a linear dynamic range of up

to 5 pM.162

Furthermore, the application of N-substituted PPy have also been reported in sensing
platforms. Using electrochemical methodologies, a label-free impedimetric aptasensor based
on N-substituted PPy was developed for thrombin detection. Histidine-tagged aptamer was
first immobilized on the surface of poly(pyrrole-nitrilotriacetic acid)/Cu? ((P(py-NTA)/Cu*).
Thrombin recruitment on the such interface was quantified through the EIS perturbations of

hydroquinone (HQ), as a redox probe, with LOD of 4.4 pM, 1.2 pg mL.163

In optical detection mode, the use of PPy was explored for the detection of adenosine
based on the fluorescence quenching technique. PPy, as an acceptor, enables the quenching
of a wide variety of fluorophores through m-m interaction and plays a critical role in

designing optical platform. In this signal-on method, the long-range surface energy transfer
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(SET) (i.e., when the donor-acceptor distance > 10 nm) explains the fluorescence quenching
of quantum-dots (QDs)-labeled aptamers by PPy, which is restored by the replacement of
PPy with adenosine, in proportion to the adenosine concentration (LOD of 10 nM in diluted

urine samples).!** An overview of PPy-based aptasensors is presented in Table 3.14% 151-156.165-177

Table 3. PPy-based Aptasensors

Analyte PPy and its derivatives Structure Detection Method | Reporter Species/Signal LDR LOD
Reporter
PDGF-BB'¥ G-IDA/CPMCNF FET * 5% 10°-5 x 5 M
10* fM
PDGF-BB"! Ag patterened FET * 1.78 tM-178 1.78 tM
electrode/Graphene/Co(OH)@CPPy M
CEA™ G-IDA/CPPy MNTs FET * [ fgemlL —Ing | I fgmL’
mL!
17B-estradiol'> G-IDA/Ultrathin CPPy NTs FET * 1 fM-1nM 1 fM
As (IIT)'3* G-IDA/CPPy coated flower-like MoS2 FET * 1pM—-10nM 1 pM
nanospheres
HBsAg'*® Silver electrodes/Graphene/CPPy NW FET * 10 aM — 10 nM 10 aM
Dopamine'*® IMEs/CPNTs FET * — 100 pM
Adenosine PPy NPs Fluorescence Ag nanocluster 0-12.5nM 0.39 nM
Thrombin (i.e., labeled aptamer) 2-25nM 2.21 nM
IFN-y!7 2-40nM 0.58 nM
Kanamycin'”’ SPE/polyDPB-Au NPs nanocomposite LSV Kanamycin 0.05 uM - 9.0 9.4 1M
uM
17B-estradiol'’? GCE/poly(Py-co-PAA) EIS [Fe(CN)o]> - 1M
K6 GCE/poly(Py-co-PAA) EIS [Fe(CN)s]* ™~ 147 ™M
Lysozyme'” GE/TiO2/3D-rGO/PPy DPV [Fe(CN)e]*"* 0.1-50ngmL™' | 0.085ng
mL ! (5.5
0.007-3.50M). | pM)
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Myoglobin'”! GCE/PPy—Au nanocomposite DPV [Fe(CN)e]*"* 0.0001-0.15¢ 30.9 ng
L! mL"!
S.Typhimurium'” GE/poly(Py-co-P3CA) EIS PPy 10* - 10* CFU 3 CFU
(in LiClO4solution) mL"! mL
BPA'® poly(Py-NTA)-Cu?* SWV HQ 100 pM — 1 pM 10 pM
EIS 10 pM - 1 uM
OTA'Y GE/CPPy/PAMAM EIS [Fe(CN)e]*"* 50ngL!'-2pg | 2ngL!
L-l
L6 SPE/PPy/Au NPs EIS [Fe(CN)s]* IpgmL'-15 | 0.33pg
pgmL! L
Cytochrome C'® SPE/Aptamer doped PPy EIS [Fe(CN)e]*"* 10 pM — 1 nM 5pM
Pb (1) SPCE/Au@PPy DPV Toluidine Blue 0.5-25 ppb 0.6 ppb

VEGF: Vascular Endothelial Growth Factor. IMEs; interdigitated microelectrodes. CPPy MNTs; carboxylated polypyrrole multidimensional nanotubes . DPB: [2, 5-di-(2-thienyl)-1H-pyrrole-
1-(p-benzoic acid)]. PyNHP: 3-N-hydroxyphthalimido pyrrole. PDGF: platelet-derived growth factor. CPMCNEF: carboxylic polypyrrole-coated metal oxide-decorated carbon nanofibers. cMb:
myoglobin protein antigen. Py-co-PPa; Pyrrole-co-pyrrolepropylic acid. Py-co-P3CA; Pyrrole and 3-carboxylated pyrrole monomers. S.Typhimurium: Salmonella Typhimurium. BPA;
Bispheno A. poly(Py-NTA); poly(Pyrrole-Nitrilotriacetic Acid). HQ; Hydroquinone. MNTs: multidimentional nanotubes. As; Arsenic. HBsAg: Hepatitis B surface antigen. NW: nanowire.
SPCE; Screen Printed Carbon Electrode. ECL; Electrochemiluminescence. TPA; Tripropylamine. ErGO: Electrochemically reduced Graphene Oxide. PEC; Photoelectrochemical. AFB1:
Aflatoxin B1.

G-IDA; An interdigitated microelectrode array was patterned on a glass substrate. The IDA substrate was composed of a pair of gold interdigitated microelectrode. Then, the glass section is
functionalized with PS /APTES and subsequently, with different nanostructures/modifier.

*Isp source-drain current changes reflecting the binding event attributed to the modulation of charge carriers based on accumulation, or depletion modes,

ii.  Polyindole (PIn) and Pln derivatives

The structural formula of “indole” was introduced by Baeyer and Emmerling in 1869.178
Indole, as an aromatic heterocyclic compound, consists of a pyrrole ring fused to benzene to
form 2,3-benzopyrrole that possesses the properties of both poly (para-phenylene) and PPy.
In comparison to PANI and PPy, polyindole (PIn) has unique features including good
thermal stability, long storage capability (especially in supercapacitor applications), and slow
hydrolytic degradation.'” Moreover, PIns offer excellent photoluminescent properties,
highly stable redox activities, fast switching electrochromic properties, as well as air-stable
electrical conductivity in the doped state.'’®® However, the electrical and electrochemical

conductivity of PIn is lower than that of PPy and PANI which restricts PIn-based devices
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biosensing applications.'®! Among the many derivatives of PIn, poly (indole-carboxylic acid)
(PICA) (Waltman et al., 1984)'8 and poly(5-formylindole) (P5FIn) (Nie et al., 2011)'8 are
commonly used. The presence of electron-withdrawing carboxyl and aldehyde groups
facilitates the monomer electrosynthesis and improves the polymer's stability on the
electrode surface.'® Moreover, the ease of covalent attachment of biorecognition elements,
and intrinsic electrochemical activity at neutral pH (i.e., PICA) pave the way for developing
biosensors in biological media.’®> 186 In recent years, Zhang et al. and Nie et al. have
pioneered the detection of DNA hybridization by tracking PICA’s intrinsic redox signal (in
neutral media) using CV,"¥ and investigating P5FIn-, PICA-based aptasensors using
photoelectrochemical and electrochemiluminescence techniques.!®® '$1% Combining the
photoexcitation process with electrochemical detection renders PEC sensors with the unique
advantage of being both optical and electrochemical sensors.'! Figure 8C represents the
photoelectrochemical detection of AFB1 (LOD = 0.002 ng mL™!) using electrochemically
reduced graphene oxide/poly(5-formylindole)/Au (erGO/P5FIn/Au) nanocomposite
structure, with explaining the photocurrent generation mechanism.!®® A summary of some

examples of PIn-based aptasensors is shown in Table 4.

Table 4. PIn-based Aptasensors

Analyte PIn and its derivatives Detection Method Reporter Species/Signal LDR LOD
Reporter
Ramos GCE/MWCNT/PICA ECL nanoprobe 500 —1.0 x 10° 390 cells mL™*
cells!® cells mL™!
Au NPs/DNA/CdSe NPs

34




Ramos GCE/P5FIn ECL nanoprobe 500 - 1.0 x 10° 300 cells mL™
cells!® cells mL™!
Au
NPs/DNA/Ru(bpy)2(dcbpy)NHS
AFB1'® ITO/Au PEC Polymer composite 0.01 - 100 ng 0.002 ng mL™"
1
Nanoflower/PSFIn/ErGO mL
AFB1' GCE/Au ECL Polymer composite 0.01 — 100 ng 3.75 pgmL™!
-1
NRs/GQDs/PICA/F-Au mL
NC
Au NRs/GQDs/PICA/F-Au NC: Gold nanorods/graphene quantum dots-modified poly (indole-6-carboxylic acid)/flower-gold nanocomposite
1v. Polythiophene (PTh), PTh derivatives, and thiophene-based conjugated
polyelectrolytes

As early as 1980, twenty years after the first attempt to synthesize polythiophenes (PThs),

the electrical conductivity of the well-defined oxidized polythiophenes was simultaneously

reported by Yamamoto, Lin, and Dudek.!”? From a theoretical point of view, PTh with a non-

degenerate ground state, has been considered as a model for the study of charge transport in

conducting polymers.!*® It is also of great interest in device applications due to its efficient

electronic conjugation, high environmental stability of the (un)doped states, structural

versatility, and solution processability.!” The electronic band and chemical structures of

polythiophene CPs, both p-type doping and n-type doping, were represented in Figure.

9A.195
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Figure 9. (4) Scheme of (i) p-type doping and (ii) n-type doping p-doping of polythiophene together with the evolution of its band gap. Adapted
with permission under a Creative Commons (CC-BY 3.0) from Ref!”> Copyright© 2021 Royal Chemical Society. (B) Possible polymerization
Sform of thiophene during oxidation. Adapted with permission from Ref.'*® Copyright © 2019 Published by Elsevier Ltd. (C) Three possible
coupling modes of 3-alkylthiophene units; Head-to-Tail (HT), Head-to-Head (HH), Tail-to-Tail (TT) (D) (i) Regioregular and (ii) Regiorandom
orientation of polythiophene. Adapted with permission under a Creative Commons (CC-BY 4.0) from Ref:"*” Copyright© 2017 Nature.

By the late 1980s, polymers of thiophenes containing different alkyl substituents were
prepared,’”® which was followed by the introduction of the first water-soluble PThs
derivatives,'” and culminated by the synthesis of PEDOT.?® The combination of convenient
solution processability with high environmental stability, fast nonlinear optical (NLO)
response, suitable crystallinity, good mechanical properties, and controllable conductivity is
the main reasons for the introduction of substitutions in thiophene monomers that leads to
the improvements of their electrical, optical, and physical properties.””! Furthermore, the
relatively high oxidation potential of the thiophene monomer leads to regiorandom coupling
of its highly reactive cations during polymerization (Figure 9B), (i.e., results in the formation

of highly insoluble polymers),'*¢ that could be avoided by the alkyl substitution of thiophene

monomer (Figure 9C).202 203

A study on 3-substituted thiophene has shown that its polymerization leads to the
formation of a head-to-tail regioregularity with highly sterically favorable m-conjugation,
which decreases the bandgap, improves micro-structural ordering and crystallinity in the
solid-state and substantially enhances the electrical conductivity.?* The use of thiophene
monomers bearing substitutions offers several advantages; however, despite all their
advantages, it is worth noting that the steric hindrance between 3- or/and 3,4-substituents

could also form regioirregular polythiophenes that are twisted far out of conjugation
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planarity that results in low electrical conductivity.?® Different regiochemistry of 3-
alkylthiophene units is displayed in Figure 9D. In this poly(heterocycle)’s structure,
m-conjugation is perfectly extended in a 2,5-linked repeating unit. However, a polymer
backbone with a 2,2° and 5,5-linked repeating unit can also be formed during
polymerization that induces regiorandom conformation.!”” In contrast to 3-substituted
polythiophenes for which routes to regioregular polymers are paved, analogous PPy is likely

to have a mixture of regioisomers.?%

Modifying the polymer backbone by incorporating diverse functional groups has proven to
be a highly effective strategy for enhancing the sensory applications of polymers, especially
in electrochemical methods. Shim’s group pioneered the development of terthiophenes
containing a functional group as a unit of the polymer backbone instead of thiophene.?0”- 208
The first functionalized PThs-based electrochemical DNA sensor was developed by Shim et
al. in 2001.2% In this study, the newly synthesized PThs, 5,2":5'2"-terthiophene-3'-carboxylic
acid (TTCA), was used for anchoring oligonucleotide probes via amide bond formation. This
label-free detection strategy employed impedance measurements. Later, Shim and coworkers
utilized poly-(2,2":5",5"-terthiophene-3'-p-benzoic acid (polyTTBA) decorated gold
nanoparticles as an ultrasensitive cytosensor. The bioconjugate probe composed of MUCI1
aptamer/Au NPs/hydrazine was employed to produce an electrocatalytic redox signal for the
detection of MUCI1 positive lung cancer cells (A549) in a sandwich architecture. An

amperometric nano-biosensor enabled the achievement of a wide dynamic range from 15 to
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1x10¢ cells mL" with a detection limit of 8 cells mL'.21° Recently, polythiophene-bearing
polyalanine homopeptide side chains (PTh-Pala) has also been successfully synthesized and

applied for the electrochemical detection of cocaine.?!

Talking about thiophene derivatives, PEDOT possesses intriguing features such as high
conductivity and chemical stability in the oxidized state. It has been shown that the doped
poly(cycloalkylenedioxythiophene)s are much more stable and have a bandgap lower than
non- and alkyl-substituted polythiophene, owing to the presence of the two electron-
donating oxygen atoms adjacent to the thiophene unit which not only decrease the bandgap
by 0.5 eV but also increase the stabilization and rigidification via intramolecular non-
covalent interactions between sulfur and oxygen atoms.?'> 2* Exploring the potential of
PEDOT for aptasensing, Luo et al. reported the electrochemical detection of dopamine using
a PEDOT-based aptasensor. In this approach, the graphene oxide-doped PEDOT (PEDOT-
rGO) was electrochemically deposited on the electrode surface, followed by the
electrochemical reduction of graphene oxide. Finally, detection of the target was
accomplished by tracking the electrochemical signal of dopamine, which selectively binds to
the immobilized aptamer on the PEDOT-rGO surface, and results in highly-sensitive
detection of dopamine (LOD 78 fM) using DPV.2'* While PEDOT is insoluble in aqueous
solutions, its polymerization with an anionic polyelectrolyte, such as poly(4-styrene
sulfonate) (PSS), results in a stable aqueous PEDOT solution, with film-forming

processability, high conductivity (ca. 10 S cm™), high light transmissivity, and good stability.
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Further improvement of the conductivity of PEDOT:PSS is achieved by a post-treatment
including thermal and light, acid, salt solution, ionic liquid, zwitterion treatment, and the
addition of conducting nanoparticles and surfactants.?> A broad range of aptasensors
benefited from the PEDOT:PSS system characteristics. For example, Mayer et al. designed an
interdigitated organic electrochemical transistor (iOECT), in which a PEDOT:PSS mixture
formed the source-drain channel investigated in two modes.?’® In conventional mode, the
electrochemical signal of the Fc-tagged aptamer, anchored on a gold surface, was traced in
the presence of ATP. Upon binding to ATP, the Fc-tagged aptamer folded closer to the gold
electrode surface, boosting the alternative cyclic voltammetry (ACV) signal, enabling LOD
down to 106 nM. In another mode, the amperometric sensor was utilized as a gate electrode
connected to the source-drain. Tracking the potential change of the gate electrode as a

function of ATP concentration, a limit of detection of 10 pM was achieved (Figure 10).
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Figure 10. (4) Schematic illustration of (i) an iOECT aptasensor for the detection of ATP with representation of two circuits for OECTs
operation, ionic circuit and electronic circuit in which Cce and Cgc related to the capacitances of two electrical double layers at the
gate/electrolyte interface and electrolyte/channel interface, respectively. (ii) the cross-section of an iOECT transducer with PEDOT:PSS channel
and Ag/AgCl wire as a gate electrode (G) representing the effect of a positive bias applied at the gate electrode. Adapted with permission from
Ref?!%. Copyright © 2019 Elsevier B.V. (B) Schematic description of (a) the formation of polythiophene/single-stranded nucleic acid duplex and
polythiophene/hybridized nucleic acid triplex forms. Adapted with permission from Ref*'” Copyright © 2002 WILEY-VCH Verlag GmbH,
Weinheim, Fed. Rep. of Germany (C) the specific detection of human a-thrombin using ss-DNA thrombin aptamer and cationic polythiophene.
Adapted with permission from Ref:*'*. Copyright © 2004, American Chemical Society.

In addition to electrical conductivity, the excellent optoelectronic properties of PTh and its
derivatives make them interesting in the colorimetric and fluorescent detection fields.?"® It
has been reported that an electron-donating substitution on the thiophene ring leads to a
polymer exhibiting a variety of colors in the neutral state or when oxidized.?” Those types of
CPs that combine optoelectronic and redox properties of conventional conjugated polymers
with aqueous solubility and ionic nature of polyelectrolytes are called “conjugated

polyelectrolytes” (CPEs) categorized in cationic conjugated polyelectrolytes (CCPEs) and
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anionic conjugated polyelectrolytes (ACPEs)).??! CPEs with poly(thiophene), poly(phenylene
ethynylene) and poly(fluorene) backbones are the most common CPEs used for sensing
purpose via fluorescence quenching, energy transfer, and based on conformational changes
mechanism.????» In 1987, Wudl synthesized the first CPEs by introducing the negative
sulfonate groups into the terminal side chains of the polythiophene backbone.!”® Afterward,
the report on application of water-soluble anionic CP, for the amplification of the sensitivity
to fluorescence quenching was the pioneering study that laid the foundation for designing
the CPE-based biological and chemical sensors.??® Accordingly, Leclerc's group developed the
first label-free colorimetric and fluorometric DNA sensor, aiming to link PTh derivatives to
biological recognition elements in aqueous solutions.?’” They observed that the
conformational change/aggregation of the newly synthesized cationic water-soluble poly(3-
alkoxy-4-methylthiophenes), upon interaction with DNA, changes the solution color and the
optical properties of PThs. In the former mode, the signal of pure polymer is red-shifted in
the presence of target oligonucleotide and the obtained isosbestic point in the absorption
spectra indicates the presence of only two distinct conformational structures (duplex and
triplex) for the polymeric transducer. In parallel to colorimetric detection, the fluorometric
assays showed that the fluorescence of cationic polymer is quenched in the planar,
aggregated form (duplex) while upon hybridization, a polymeric triplex forms and leads to a
fivefold rise in fluorescence intensity (Figure 10B). This simple procedure could provide fast
and inexpensive methodologies for the rapid identification of perfectly matched and one-

mismatched nucleic acids. In another report, they used the same cationic PThs to detect
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specific targets that induce G-quadruplex conformation changes (e.g., aptamer/thrombin or

aptamer/potassium ion). Based on different electrostatic interactions and conformational

structures between CPE and single-stranded DNA (ssDNA), a simple and rapid strategy was

proposed for the detection of thrombin (Figure 10C).?'® Currently, water-soluble PThs are

becoming increasingly applicable in chemo- and biosensing since their chain conformations

and photophysical properties are sensitive to external stimuli including thermal- or photo-

treatment, the change of solvent composition, and the introduction of chemical and

biochemical targets.?” Table 5 presents a brief overview of different PThs- and their

derivatives-based biosensors.2!!>228-245

Table 5. PTh-based Aptasensors

Analyte PTh and its derivatives Detection Reporter LDR LOD
Method Species/Signal
Reporter
17B- GE/PEDOT/Au NPs SWV [Fe(CN)s* ™ 0.1-100 nM 0.02 nM
Estradiol®*
Daunomycin®* GCE/Au NPs/PolyTTBA/PS- DPV Daunomycin 0.1 - 60 nM 52.3 pM
aptamer/AuNPs
LPS®’ GE/PolyEDTMSHA EIS [Fe(CN)s]* ™ 0.1 -1000 pg mL™" -
Pb*'23 PMNT Fluorescence PMNT 10— 120 nM 6 nM
Cocaine GCE/PT-Pala DPV [Fe(CN)s]* ™ 2.5-10nM
BE?! 0.5-50 uM 1.5nM
Thrombin®* GE/3DOM Cg-PEDOT-IL DPV [Fe(CN)s]* ™ 0.2 pM - 20 nM 0.02 pM
Thrombin®** PMNT Colorimetry TMB- H20: 0.01-0.1 nM 4 pM
cTnl*! SPE/Au NPs/polyTTCA Amperometry H>0» 1-100 pM 1.0 pM
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Sandwich Assay (Hydrazine- (0.024-2.4 ng mL™") (24 pg mL"
labeled aptamer) b}
MPT64%° FTO/PEDOT-CNT DPV [Fe(CN)e] > 1.0x10° - 1.0x107 pg 0.3 fg mL"!
mL™!
CCRF-CEM*® SPE/PEDOT-Aunano Amperometry H20: 1.0x 10'- 5.0 x 10° 8 cells mL ™'
cells mL™
Sandwich Assay
(MWCNTs-
Pdnano/PTCA/aptamer)
Thrombin®*’ SPE/polyTTBA Amperometry TBO 1 - 500 nM 0.49 nM
Sandwich Assay
(MNP@Ab-TBO)
OTA* SPE/PT3C EIS [Fe(CN)s* ™ 0.125-2.5ng ml™' 0.125 ng
mL"!
MUC1*° FTO/Au-GO-PEDOT DPV [Fe(CN)s* ™ 3.13aM - 31.25 1M 0.031 fM (1
fg mL")
(0.1 fg/mL — 1 pg/mL)
NSE*? Carbon Electrode/PB-PEDOT- DPV Prussian Blue 0.05 - 500 ng mL™" 10 pg mL™!
AuNPs
Malathion** FTO/PEDOT-c-MWCNTSs DPV [Fe(CN)s* ™ 0.1 fM -1 mM 0.5 fM
ATP?3 GCE/GO-PEDOT/Peptide DPV [Fe(CN)s]* ™ 0.1 pM - 1.0 uM 0.03 pM
(Antifouling)
OTA* GOS/PEDOT-AuNFs Ccv [Fe(CN)s]* ™ 0.01-20ngL"! 49pgL!
AFB1%% PT3C DPV Methylene Blue 2.5-30ng L 1.6ng L
(labeled aptamer)
CEA?® Paper/Graphene-PEDOT:PSS EIS [Fe(CN)s]* ™ 0.77-14 ng mL"! 0.45 ng mL"

1

ACV: Alternating Current Voltammetry (ACV), Fe: Ferrocene, PS: phosphatidylserine, TTBA: [2,2":5,2"-terthiophene-3'~(p-benzoic acid)], LPS: Lipopolysaccharide,
EDTMSHA: 3-((2,3-dihydrothieno[3,4b][1,4]dioxin-2-yl)methoxy)propane-1-thiol, PMNT: Poly [3-(30-N,N,N-triethylamino-10-propyloxy)-4-methyl-2,5-thiophene hydrochloride], ErGO:
Electrochemically reduced Graphene Oxide, BE: Benzoylecgonine (Cocaine’s metabolite), Pala: Polyalanine homopeptide, T-Pala: thiophene bearing polyalanine, , ¢Tnl: Cardiac troponin I,
MPT64: Mycobacterium tuberculosis (M. tb) antigen, CCRM: human leukemic lymphoblasts, PTCA: 3,4,9,10-perylene tetracarboxylic acid, TBO: Toluidine blue O,c-MWCNTs:
carboxylated multi-walled carbon nanotubes, OTA: Ochratoxin A, GOS: Three-dimensional graphene oxide sponge, PSS: Poly(styrenesulfonate), CEA: Carcinoembryonic antigens, 3DOM:
three-dimensional ordered microporous, IL: Ionic Liquids

v.  Polyfluorene (PF) and PF derivatives and fluorene-based conjugated polyelectrolytes

44




The origin of polymer-based organic light-emitting diodes (OLED) was described by
Burroughes et al. in 1990, based on poly(p-phenylenevinylene).?*® Since then,
polyphenylene-based materials, particularly the blue-emitting category, became increasingly
attractive ranging from unbridged (e.g., poly(para-phenylene) (PPP)) to the bridged
polyphenylenes (i.e., from the simplest regular stepladder-type (e.g., polyfluorene; bridging
between one bridge per two phenylenes) to fully bridged ladder-type polyphenylenes).?”- 248
Among them, polyfluorene (PF) and its derivatives have emerged as the most promising
materials in the field of biosensing, more precisely in the optical field, with the potential to
act not only as electroactive but also as photoactive polymers.?* PFs, named “fluorene”
owing to their supposed fluorescent property, contain a rigidly planar biphenyl structure
enriched with abundant m-electrons in their backbone that leads to strong fluorescence
emission.”®® High quantum efficiency, unique charge transport properties, excellent
solubility, film-forming ability, good chemical, and thermal stability, and tunable properties
through chemical modifications and copolymerization make PFs promising candidates in
optoelectronic applications.”® PFs can be tuned to emit throughout the entire visible
spectrum via the incorporation of a chromophore in the main chain or substitutions of side
chains in the 9,9-position of the fluorene unit. The acidity of the bridgehead (C9) protons in
fluorene makes the alkylation process feasible at this position. Under phase transfer catalysis
conditions, 9,9-dialkylfluorenes (DAFs) are obtained in high yield by treatment of fluorene
with an alkyl halide and a base. To make PDAFs, both 4 and 5 can be used as monomers.

(Figure 11).248
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Figure 11. Alkylation of fluorine to produce monomers for PDAFs. (4 and 5 can be used as PDAFs’ precursors). Adapted with permission from
Ref** Copyright © 2008, Springer-Verlag Berlin Heidelberg.

Similar to other CPs, redox activity, charge transporting capabilities, optical absorption and
emission, and chemical reactivity are some of the features provided by the introduction of
side chains in PF structures. Additionally, the introduction of bulky side chains prevents
agglomeration and induces solubility.?#® 2 Given the concept of conjugated polyelectrolyte
structures, such side chains (e.g., pendant ionic functionalities) can also lead to the formation
of CPEs.? The first water-soluble poly(p-phenylene) (PPP) derivative was reported by
Novak. in 1991.%* Phenylene-based polymers have since emerged as the focal point of
biosensor research, employing optical methodologies. In line with this, Gaylord and
coworkers reported the detection of DNA hybridization using water-soluble cationic CPE
with poly(fluorene-co-phenylenene) backbone, poly(9,9-bis(6'-N,N,N-
trimethylammonium)-hexyl)-fluorene phenylene) containing iodide counteranions in
2002.%5 The detection was performed based on fluorescence resonance energy transfer
(FRET, reported in 1948 by a German physical chemist called Forster, which is a mechanism

of energy transfer between two fluorophores (donor and acceptor) based on non-radiative
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dipole-dipole interactions.”® The hybridization of negatively charged DNA targets with
fluorescein-labeled neutral peptide nucleic acid (PNA) brings CCPEs and duplex structures
within distances suitable for FRET and results in an amplified optical signal. Nowadays,
different types of cationic, anionic fluorene-based (co)polymers and polyfluorene dots
(Pdots) have been developed and used for sensing applications through a variety of strategies.
The chemical structures of fluorene-containing polymers mentioned in this section are

depicted in Figure 12.
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B Combinatiom of DPF, DOF and 1,1’-binaphthyl moieties

Figure 12. Chemical structures of the variety of fluorene-based conjugated (A) polyelectrolytes (CPE) and, (B) polymer dots (Pdot) used for
aptasensing approaches.

Similarly, the application of fluorene-based CPEs has been explored for aptasensor
development.”” The first label-free detection of ATP was introduced by Wang et al. using
cationic tetrahedralfluorene (tetrakis[4-(2-(9,9,9',9'-tetrakis(N,N,N-trimethyl
ammoniumhexyl)-7,2'-bifluorenyl))-phenyljmethane hexadecanebromide) as an energy

donor as illustrated in Figure 13A.258
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Figure. 13. Schematic Illustration of (4) ATP detection using an aptamer and a cationic tetrahedralfluorene sensitized EB emission. Adapted
with permission from Ref>. Copyright © 2008, Royal Chemical Society. (B) fluorometric aptamer assay for the detection of OTA using CCPE
and magnetic separation. Adapted with permission from Ref.?’. Copyright © 2018, Springer-Verlag GmbH Austria, part of Springer Nature. (C)
Thrombin detection based on the interaction of split aptamer fragments and PFEP. Adapted with permission from Ref**’. Copyright © 2014,
American Chemical Society. (D) Label-free lysozyme detection with aptamer-immobilized silica NP and ACPE. Adapted with permission from
Ref?!. Copyright © 2010, American Chemical Society.

The study showed that the ATP-binding aptamer undergoes a conformational switch from
“aptamer duplex” to “aptamer/target complex” upon binding to a target protein. In this study,
the fluorescence emission of ethidium bromide (EB), that served as a signal reporter, is
intensified when intercalated between aptamers. In the absence of a target, the addition of
CCPEs sensitized the intercalated EB emission. As ATP opened the duplex-aptamer

structure, CCPEs failed to efficiently enhance the emission of free EB in solution. This simple
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methodology is employed for APT detection at LOD of 20 uM (Figure 13A). In biosensing
experiments, matrix complexity is an undeniable issue that affects the technique's sensitivity.
To overcome such challenges, Liu et al.» designed a FRET-based detection of OTA using
magnetic beads (MBs) and CCPE (Fig. 13B). In this method, the interaction of the target with
the immobilized aptamer on MBs prevents the hybridization of short complementary FAM-
labeled DNA and aptamers. The addition of PFP to the FAM-labeled DNA in the supernatant
after magnetic separation leads to the efficient FRET from PFP to FAM, resulting in an

amplified fluorescence signal and enhanced sensitivity for OTA detection.

Playing with the aptamer structure to develop a new sensing system, an aptasensor was
designed based on the conformational change of an aptamer into the G-quadruplex structure
upon target addition. Using two split aptamer fragments (one segment labeled with
fluorescein (FAM)), Liu et al.?®® reported a signal-off biosensor for the detection of thrombin.
In the absence of the target, the binding of FAM-labeled fragment aptamer to CPE led to a
highly efficient FRET signal. However, in the presence of a target, two segments interact
with the thrombin protein and combined to form a G-quadruplex structure. Due to the
strong steric hindrance from the large-sized target protein, the distance between the water-
soluble polycationic polymer (poly{[9,9-bis(6'-(N,N,N-diethylmethylammonium)hexyl)-2,7-
fluorenylene ethynylene]-alt-co-[2,5-bis(3'-(N,N,N-diethylmethylammonium)-1'-
oxapropyl)-1,4-phenylene] tetraiodide} (PFEP) and FAM increases, hence, the FRET signal

decreases. The reported FRET biosensor reaches a LOD down to 2 nM for thrombin
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detection (Figure 13C). Later, Wang et al. designed a sensing strategy for the detection of
adenosine deaminase (ADA, at a low detection limit of 0.5 U/L) using the molecular aptamer
beacon conformation and poly(9,9-bis(6'-N,N,N-trimethylammonium) hexyl)fluorine
phenylene) (PFP).2 Molecular beacon conformation is constituted of complementary
nucleotide sequences in each stem which form hairpin-shaped structures. Aiming to be used
in optical sensors, molecular beacons are labeled with a fluorescent dye in the 5' end and a
quencher molecule in the 3' end. The hairpin-loop structure of the probes prevents
fluorescence emission due to the proximity of the quencher and the fluorophore, which is
resolved upon interaction with target analyte.?* 2¢* Similarly, Kim et al. described a sensitive
and selective detection of K* ions based on the conformational change of molecular beacon
aptamer to either an open-chain form/a G-quadruplex in the absence/presence of K* ions.?®
Based on the recent observations, besides electrostatic interaction between negatively
charged DNA and CCPEs, the hydrophobic interactions could also be driven since ssDNA is
more flexible and significantly exposes more hydrophobic surface than double-stranded
DNA (dsDNA).>¢ Consistent with this, they introduced additional phenylene groups as a side
chain into the PFP structure to improve the hydrophobic properties of the polymeric
backbone to induce the conformational change of beacons from stem-loop to single-stranded
structure in the absence of a target. Using this simple approach, the detection limit of 1.5 nM

K* in the presence of 100 mM Na* was obtained.
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In the application of anionic polyfluorene-based CPE, a novel aptamer-based sensing
methodology was described to detect positively charged proteins by Wang et al. using ACPEs
(Figure 13D).%' They successfully developed highly fluorescent anionic poly(fluorene-alt-
vinylene) (PFVSOs) for lysozyme detection. Upon the interaction of lysozyme (pI~11.0,
positively charged at neutral pH) with the immobilized aptamer on silica NPs (Apt-Si NPs),
the surface charge of Apt-Si NPs switches from negative to partially positive. Consequently,
the electrostatic interaction of anionic CPEs with Apt-NPs-lysozyme complexes leads to the
emission of a blue-greenish fluorescence. The high quantum yield, the good water solubility
of PFVSOs, and effective isolation from interference are the main factors leading to the

naked-eye lysozyme detection with picomole sensitivity (10 pmol).

Due to the major drawback of conventional fluorophores (e.g., organic dyes and QDs)
including low absorptivity and poor photostability, low emission rates, blinking, difficulty in
surface modification, and toxicity,’”?”° the fluorene-based CP dots have gained more
attention in FRET-based aptasensing owing to their remarkable fluorescence brightness,
unique light-harvesting, fast emission rate, and improved photostability, low toxicity and
biocompatibility.?”!?”® Taking these into account, Chiu et al. pioneered the use of CP dots in
biological systems by controlling their surface chemistry via introducing functional groups
on the CP dots' surface.?’”* To achieve this goal, poly(styrene-co-maleic acid) (PSMA), as an
amphiphilic functional part of the polymer, was introduced. Thereafter, Lin et al.?”> used

poly(9,9-dioctylfluorenyl-2,7-diyl) dots (PFO dots) for the detection of carcinoembryonic
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antigen (CEA) via FRET. In this method, the CEA aptamer links PFO dots and Au-NPs

(acting as a quencher) through the immobilized ssDNA on their surface, which is partially

complementary to the CEA aptamer, and formed a sandwich structure. Thereupon, the

fluorescence intensity of PFO decreased, which is recovered after removing the quencher in

the presence of CEA (0.1-10 ng mL). Table 6 provides a summary of other described PF-

based aptasensor.?76-286

Table 6. PF-based Aptasensors

Analyte Fluorene- Detection Method/Mechanism Signal LDR LOD
based Output
CPs and Mode
CPEs (On/Off)
Thrombin?*? ThNI Fluorescence Off 0.02 -2 nM 0.2nM
FRET from the ThNI (donor) to ThT (G-quadruplex Inducer,
fluorescent dye)
ADA PFP Fluorescence On 0.3-150U L™ 03UL!
FRET from PFP (donor) to FAM (fluorescent dye)
deoxyguanosines (Gs) (quencher, quenching FAM fluorescence via
PET, in hairpin aptamer)
AFB1?% PFBT- Fluorescence On 5-1000 pgmL" | 0.3 pg-mL"
PSMA; FRET from Pdots (donor) to Ag NPs (quencher) !
Pdot
Thrombin?% PFBT- Fluorescence On 0-50 nM 0.33 nM
PSMA; FRET from Pdots (donor) to BHQ (quenching dye)
Pdot
Pb (I1)*"® PSMA- ECL On 100 pM to 1.0 38 pM
DPF-DOF- ECL emission of Pdots uM
BN; Pdot FRET from the excited DPF (donor) to RhB (quencher)
Streptavidin (SA)*® PFP Fluorescence On 2.0 - 100 ng 1.6 ng mL™!
FRET from PFP (donor) to FAM (fluorescent dye) mL—1
Graphene Oxide (quencher, quenching of FAM fluorescence)
Lysozyme?” ThNI Fluorescence On 1 nM - 25 nM 10 nM
FRET from ThNI (donor) to Au NPs (quencher)
Bisphenol A PFP Fluorescence On 0-1.0ng mL" 0.005 ng
Dopamine?®’ FRET from PFP (donor) to FAM (fluorescent dye) 0-0.1 pM mL"!
Graphene Oxide (quencher, quenching of FAM fluorescence) 1.0 nM
Thrombin®"® PFP Fluorescence On 0.05 - 200 pM 0.05 pM
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FRET from CCP (donor) to Ir(IIl) complex (fluorescent complex)

CEA PFN* Fluorescence On 0.4 - 100 ng/mL 0.316 ng
Alpha Fetoprotein - mL"!
(AFP)*" 1.76 ng mL-

1

ThNI; a polyfluorene derivative doped with benzothiazole. ThT; thioflavin T, a benzothiazole dye. ADA; adenosine deaminase (ADA). Ag NPs: silver nanoparticles. Au NPs: gold
nanoparticles BHQ: black-hole quenching dye. DFP-DOF-BN; The polymer contained 9-(diphenylmethylene)-9H-fluorene (DPF), 9,9-dioctyl-9H-fluorene (DOF) and 1,1'-binaphthyl moieties.
Ir(Ill) complex: (DFPPM-Ir-bpy-CO2H)PFs. DFPPM: 2-(2,4'-Difluorophenyl)pyrimidine RhB: rhodamine B PFN*; Poly [(9, 9-bis (3’ -(dimethylethylaminonium) propyl)-2,7-fluorene

dibromide].

3. CONCLUSION AND PERSPECTIVES.

Nowadays, conjugated polymers have a wide range of potential applications in various
fields, including organic electronics, energy storage, photothermal therapy, antimicrobial
coatings, tissue engineering, drug delivery, sensing, and biosensing due to their unique
electronic, optical, and mechanical properties. Among them, their sensory application has
gained remarkable attention in clinical diagnostics, food safety, and environmental
monitoring. Despite all their advantages in sensing area, their selectivity remained a
significant issue until the integration of aptamers as bio-recognition elements, which have
proven to be a power horse for a myriad of biosensing applications. In addition; further
improvement of the CP-based biosensor performance in terms of sensitivity and stability
was achieved by the incorporation of nanomaterial, versatile dopants, or functionalization

of corresponding monomers or polymers.

The purpose of this review was to explore conjugated polymers that are widely used
in aptasensing and to gather different examples of the types of analytes detected in a

variety of methodologies. Among all mentioned techniques, electrochemical and
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fluorescence techniques are commonly used for the development of CP-based aptasensors.
Ongoing efforts in this field are focused on enhancing the electrochemical activity and
fluorescence properties of CPs. The development direction of conjugated polymers is
focused on improving their performance and versatility for various applications. This
involves developing new synthetic strategies for producing conjugated polymers with
specific structures and properties, tuning their properties via modifying their chemical
structure, optimizing their processing conditions for better film formation and device
integration, and exploring new device architectures for achieving higher efficiency and
functionality. Recently, significant progress has been made towards the development of
donor-acceptor (D-A) conjugated polymers (i.e., featuring alternating donor and acceptor
units along the polymer chain, resulting in a narrow bandgap and improved optoelectronic
properties), the enhancement of biodegradability and biocompatibility of CPs (i.e., for
sensory application, tissue engineering and drug delivery) and the production of highly
stretchable CPs (e.g., flexible electronic devices). Accordingly, recent advancements have
led to the demonstration of a new wearable CP-based aptasensor capable of real-time
monitoring of essential biomolecules; PEDOT-based aptasensor designed for monitoring

cortisol levels.

Overall, the application of conjugated polymers in biosensors is a rapidly evolving
field with significant potential for a wide range of applications; in clinical trials,

environmental assessment, and food analysis., opening up the path toward developing
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sensitive and reliable analytical devices, which may eventually bridge the gap between on-
site and real-time survey of environmental contaminations and point-of-care diagnosis of
disease biomarkers. Ongoing research efforts are focused on developing new materials,
improving sensor performance, and exploring new applications for these promising

materials.
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