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ABSTRACT: Poly(3-alkylthiophene) (PT)-based conjugated poly-
electrolytes (CPEs) constitute an important class of responsive
polymers with excellent optical properties. The electrostatic
interactions between PTs and target analytes trigger complexation
and concomitant conformational changes of the PT backbones that
produce distinct optical responses. These conformation-induced
optical responses of the PTs enable them to be utilized as reporters
for detection of various analytes by employing simple UV−vis
spectrophotometry or the naked eye. Numerous PTs with unique
pendant groups have been synthesized to tailor their interactions
with analytes such as nucleotides, ions, surfactants, proteins, and
bacterial and viral pathogens. In this perspective, we discuss PT-
target analyte complexation for bioanalytical applications and
highlight recent advancements in point-of-care and field deployable assays. Subsequently, we highlight a few areas of critical
importance for future applications of PTs as reporters, including (i) design and synthesis of specific PTs to advance the
understanding of the mechanisms of interaction with target analytes, (ii) using arrays of PTs and linear discriminant analysis for
selective and specific detection of target analytes, (iii) translation of conventional homogeneous solution-based assays into
heterogeneous membrane-based assay formats, and finally (iv) the potential of using PT as an alternative to conjugated polymer
nanoparticles and dots in bioimaging.

KEYWORDS: Polythiophenes, Conjugated polyelectrolyte, Fluorescent reporters, Bioimaging, Optical biosensors, Point-of-care testing,
Nucleotides, Proteins, Ions, Bacterial pathogens

Conjugated polyelectrolytes have been of great interest to
scientists because of their attractive optical properties.1

Polythiophene-based polyelectrolytes constitute a class of CPE
that have been explored extensively for bioanalytical
applications. In particular, PT-based CPEs are preferred
because of their (i) affinity-responsive optical and electrical
properties, (ii) enhanced optical responsiveness compared to
synthetic dyes, and (iii) low photobleaching. PTs have been
synthesized using various electrochemical and metal-catalyzed
polycondensation polymerization strategies.2−4 Ferric chloride,
palladium, and vanadium catalyzed oxidative polymerization of
thiophene monomers also have been explored for the synthesis
of PTs.5−7 PTs are based on 2,5-polymerization of thiophene
monomers (Figure 1A,B).8−10 PTs with different side chains
and functional groups R also have been synthesized to tailor
their interaction with target analytes for developing optical
reporters for the detection of analytes such as small
molecules,11−15 proteins,16−22 peptides,23−25 nucleic
acids,26−29 bacterial pathogens,30−33 polysaccharides,34 and
volatile organic compounds.35−38 Garnier et al. presented the
first evidence of the presence of crystalline structure of PT with
a hexagonal lattice.39 PTs contain delocalized electrons along

the conjugated polymeric backbone that determine their
optical and electrical properties (Figure 1C). The conforma-
tions of PT backbones and the density of their side chains
affect the delocalization of electrons along the backbone, which
modulates their optical and electrical properties. These
conformations can be planar, partly twisted, or helical, which
affects the chirality of PTs, the effective conjugation length,
and the delocalization of electrons along the chain (Figure
1D−G).21,23,24,39−42
The precise nature of these conformations has been a matter

of significant research interest. PTs in planar conformation
allow for facile electron migration due to an increased
conjugation length that red shifts in the emission spectrum.
In contrast, a twisted backbone hinders the migration of
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electrons resulting in a decreased conjugation length and a blue
shift of the emission spectrum. Thus, changes in the
conjugation length directly affect the band gap of PTs, which
eventually causes significant changes in absorption and
emission. Moreover, stacking of PT chains results in
aggregation, causing abrupt changes in optical response; a
red shift in the emission spectrum and a decrease in
fluorescence intensity due to the nonradiative energy trans-
fer.20−23,29,41,43−46 The collective response of PTs in the form
of backbone conformational rearrangement or aggregation is
the fundamental sensing mechanism of PTs, making them
highly sensitive and responsive to their surroundings.
Based on theoretical calculations, Cui and Kertesz suggested

that methyl-substituted PTs preferentially adopt helical
conformation. They further showed that transoid and cisoid
helices only display marginal energy differences (Figure 1
E,F).42 The backbone conformation of PTs can be altered by
solvatochromic, thermochromic, and affinity-chromic effects.
Employing the PTs with unique side chains R, Figure 1A, that
specifically interact with a target and bring about a conforma-
tional change in its backbone offers an attractive avenue for
developing biosensors to detect various analytes. The
interactions between side chains and the analyte induce
conformational changes in the PT backbone or a change in the
aggregation state of PTs in solution and in solid-state, further
modulating the optical spectra.11,14,23,24,27,43,48−50

Even with high sensitivity and quantum yield, easy
tunability, and various other advantages of using PTs as
reporters in optical sensors, there are also several limitations in
their applications. A significant drawback is the variation in the
polymerization step of thiophene monomers, which often
results in a polydisperse material. Moreover, the synthesis
process introduces batch-to-batch variations and the character-
ization of these materials is also cumbersome. Growing
research attention is focused on developing better synthesis
approaches to circumvent these issues. In this context, we
elaborate on recent advancements in utilizing PTs as reporters
for point-of-care and field-deployable assays. The perspective

further discusses several areas of critical importance for the
development of improved PT-based reporters in bioanalytics.
We also discuss the potential of using PT and related
conjugated materials and dots for bioimaging.

■ THEORY OF CPE COMPLEXATION WITH
ANALYTES

The theory of CPE complexation with analytes has been
extensively discussed over the last two decades. The complex-
ation phenomena have been described as an associative phase
separation of the polyelectrolyte chains followed by the
formation of dense polymer-rich phases known as polyelec-
trolyte complexes.51 The early works that describe the theory
of liquid−liquid phase separation leading to complex
coacervation were systematically conducted by Voorn and
Overbeek,52 and the coacervation in aqueous mixtures of gum
arabic and gelatin, both naturally occurring polyampholytes,
were the basis of the mean-field theory developed by Voorn
and Overbeek.53 The estimation of the free energy of the
system relied on the entropy of mixing, with Flory−Huggins
expression,54 and a Debye−Hückel term to include electro-
static interactions. The Voorn and Overbeek theory (VO) was
valuable to explain coacervation phenomena; however, it did
not explain the complete physical description of complexation
of polyelectrolytes in solutions. Therefore, the random phase
approximation (RPA) was suggested as a realistic approach to
incorporate finite size and connectivity of charges into
electrostatic free energy description, which is a combination
of the free energy of the neutral reference solution with short-
range interactions and a free energy contribution from the
long-range electrostatic interactions. The RPA assisted in
accounting for excluded volume effects and non-zero size of
the ions in complexation. However, it lead to profound
disagreements with the VO model predictions.55−61

The RPA provided a deeper understanding of the phase
separation in solutions of oppositely charged polyelectrolytes.
However, it did not provide an accurate description for
systems with high charge densities, owing to overestimated
charge correlations. Fredrickson and co-workers alternatively
employed field-theoretic simulations to solve the full field
theory and to overcome the limitations associated with the
assumptions of weak charge and density correlations.62−64

Other studies have introduced simulations of polyelectrolyte
complexation at the molecular and macromolecular levels.65−68

The major issues in complexation simulations appeared due to
flexibility of polyions and added salt that affects the resultant
shape and size of the complexes. In a recent study,15 poly(L-
lysine) (PLL) polycation and short segment double-stranded
DNA polyion complexation was elaborated on in the presence
and absence of low molecular weight salt. Figure 2A shows the
clusters formed by the complexation of long polycations with
short polyanions as a function of salt concentration at a charge
ratio of 0.99 for (i) flexible−flexible and (ii) rigid−flexible
polyions. The profound effect of added salt appeared as
dissolution of polyelectrolyte complexes with increasing
concentration. It also was shown that rigid−flexible complexes
release many more polyions by increasing salt concentration
due to limited conformational flexibility. More specific
simulations for polythiophene and DNA complexation were
presented by Surin and co-workers as shown in Figure 2B and
C.29,69 Figure 2B shows single-stranded (ss) polyA-PT and
polyT-PT complexation. Analysis revealed that electrostatic
interactions played a pivotal role in PT-DNA complexation. In

Figure 1. Chemical structures of (A) thiophene, (B) polythiophene,
and (C) resonance structures of PT. (D) Illustration of π stacking of
planar PT chains. The d1 and d2 distances depend on the side chain
groups R. Reprinted with permission from ref 40. Copyright 2010
Springer Nature. Illustration of helical organization of PTs: (E) helical
transoid (larger pitch). (F) Helical cisoid (smaller pitch). (G) Helical
packing of predominantly planar chains. Reprinted with permission
from ref 47. Copyright 2000 Elsevier.
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addition, π−π interactions between thiophene rings and
nucleotide bases also were found to affect the size and shape
of the resultant complexes.15 More importantly, for homo-
nucleotide sequences (polyT or polyA), the complexation
between ssDNA and cationic PT (cPT) was found to be a
right-handed conformation of the polymer chain (referred to as
induced circular dichroism (ICD) signatures in the CD
spectrum). However, cPT complexation with oligonucleotides
of a mixed sequence (in ssDNA or double stranded dsDNA
topologies) yielded left-handed ICD signatures.70,71 Later,
multiple binding modes of DNA-cPT were studied in an
another work, where cPT moieties exhibited binding on minor

grooves and nonbinding motifs.29 In Figure 2B, multiple
binding modes of the cPT and dsDNA are illustrated for the
replicas. The number of sulfur atom−DNA interaction
histograms for the different replicas reveal that the initial
conformation of dsDNA limit or intensify the cPT−DNA
interactions. As explained in the same study, the polymer can
approach DNA in several ways, leading to multiple possibilities
of “wrapping” around DNA. Moreover, the polymer can adopt
many types of conformations owing to its intrinsic flexibility as
compared to DNA, whereas the DNA backbone is more
conserved.
The optical properties of PTs are dependent on aggregation

of the polyelectrolyte chains, regioregularity, and backbone
conformations. These factors are significantly affected by the
interaction of PTs side chains with target molecules. Although
these interactions have been made highly specific with the use
of biotin−avidin72 and antigen−antibody,73 for most PTs, the
interactions are not highly specific, but are governed by
hydrogen bonds, nonpolar and electrostatic interactions
between the PTs side chains and target molecules. Ultimately,
the interactions between the side chain and target molecule
bring about the conformational change in the backbone of PTs
from planar to twisted or vice versa and can even induce
aggregation of the PT chains. Twisted to planar transition
makes PTs an ideal conformation-dependent optical reporter
in label-free biosensing of polynucleic acids,74 proteins,
proteins,18 enzymes,75−79 carbohydrates,80 small mole-
cules,11−15 and volatile organic compounds.35−38 Elaborate
discussions have been presented in the relevant literature
concerning conformation induced optical transitions that are
attributed to the band gap alteration between HOMO and
LUMO of PTs upon binding event or engineered by creating
disorder81 or doping using side chains.82,83

■ APPLICATIONS OF PT REPORTERS
Easily tunable optical and electrical properties, enhanced
responsiveness, and resistance to photobleaching are a few
major advantages of PTs over other reporter molecules. These
properties have inspired extensive use of PTs as a reporter
molecule in optical sensors. The net charge, spacer length and
type, and functional group of the side chains at the 3- and 4-
positions of the thiophene rings easily can be modified to
optimize interaction with analyte molecules.85 PTs can be
polar/apolar, cationic/anionic, or zwitterionic depending on
the charge(s) and functional groups present on the side chain.
Monomeric thiophenes bearing different side chains have been
mixed or copolymerized to display entirely novel properties
and unique responses upon interactions with analyte
molecules. The side chains with various functional groups
and charge at the 3- and 4-positions of thiophene rings not
only make the hydrophobic backbone soluble in polar solvents,
but are also directly involved in both electrostatic and
hydrophobic interactions with different analyte molecules.86−88

Conjugated polyelectrolytes display distinct color transitions
between deep violet (λmax ≈ 550 nm) to bright yellow (λmax ≈
400 nm) as a result of planar-to-nonplanar (from highly
conjugated to less conjugated) conformational changes of the
PT backbone (Figure 1D−G). The conjugated (planar) state
of the backbone is susceptible to intermolecular and
intramolecular (chain folding) interactions or aggregation as
a result of the interactions with analyte molecules, thereby
producing an optical response in the form of changes in the
absorbance and fluorescence spectra. More importantly, the

Figure 2. (A) Simulations showing complexation of asymmetric
oppositely charged polymers as a function of polymer concentration,
forming (i) flexible−flexible complexes and (ii) rigid−flexible
complexes. Reprinted with permission from ref 84. Copyright 2020
American Chemical Society. (B) Illustration of dT/cPT and dA/cPT
complexes extracted at the end of the molecular dynamics (MD)
simulations and possible intermolecular interactions are represented
in the boxes. The bars represent the average number of intermolecular
interactions for the two complexes based on MD simulations.
Reprinted with permission from ref 29. Copyright 2020 Royal Society
Of Chemistry. (C) Illustration showing thiophene moieties that
interact with the DNA double helix on final MD snapshots of dsDNA-
polythiophene complexes. Reprinted with permission from ref 69.
Copyright 2020 John Wiley and Sons.
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forces which define these interactions and backbone
conformation changes of PTs are hydrogen bonds, nonpolar
and electrostatic interactions, which potentially may lead to
aggregation, gelation, or crystallization.89,90 Chiral PTs show
optical activity in the π−π* transition region. However,
optically inactive nonchiral PTs become chiral and show ICD
upon interaction with chiral molecules.91−94 For example, the
formation of a one-handed helical structure because of the
acid−base complex formation between PTs and chiral
molecules may introduce chirality in optically inactive
PTs.91−94 The tunability and processability of PTs imposed
by the richness in chemical flexibility of the side chains have
paved the way for a plethora of analytical and device
applications. Specifically, PT’s optical properties have attracted
considerable interest for developing colorimetric sensing
concepts (e.g., for detection of nucleic acid,26−29,74 ions,
proteins,18 polysaccharides,34,80 small molecules,11−15 and
pathogens30−33) and for cell targeting and imaging.95,96 In
addtion, PTs also have been explored for various other
applications as gene delivery vehicles,97 anticancer,98 anti-
fungal, or antibacterial agents,99−101 molecular switches/wires,
and photovoltaic devices.102−106 This perspective is devoted to
the optical properties of PTs for the development of label-free
bioanalytical tools, and potentially also for cellular imaging
strategies.107−112

Optical Biosensors for Detection of Ions, Small
Molecules, and Surfactants. Polythiophenes have been
widely used for the detection of small molecules, e.g., metal
ions, halides, surfactants, and deoxynucleoside tri/di/mono-
phosphates. The PTs and oppositely charged species undergo
electrostatic interactions to bring about the optical changes,
which makes them crucial for developing optical assays for
biosensing applications.
Metal Ions.Metal ion contaminants in water and food cause

severe health-related problems in humans. Point-of-care
sensors for faster and cheaper monitoring of various metal
ions, including manganese and lead, both of which are
powerful neurotoxins, have been developed. Chen et al.
developed a sensitive and selective label-free DNAzyme-based
sensor for lead (Pb2+) ions by using nucleotides and cPTs.50

They used a Pb2+ specific DNAzyme, which is activated upon
binding with Pb2+. In the absence of Pb2+ ions, the dsDNA of
DNAzyme interacts with PT to form a ternary complex with
high fluorescence (Figure 3B). However, in the presence of
Pb2+ ions, the DNAzyme cleaved its substrate producing
ssDNA. The ssDNA interacts with PT forming a duplex with a
low fluorescence signal.50

Colorimetric aluminum ion (Al3+) detection has been
suggested by Tu et al.113 They employed Al3+, specific
aptamers, and PT, that enabled selective detection of Al3+ in
drinking water. Tu et al. suggested the use of copolymers
instead of single monomer-based PTs (Figure 4A). The PT
copolymer formed a complex with ATP resulting in quenching
of the fluorescence of PT copolymer and a significant color
change. However, with the addition of Al3+ ions, the complex is
disassociated, resulting in the recovery of fluorescence and
color. Thus, as shown in Figure 4B, the assay is based on the
fluorescence and color recovery of a PTs-ATP complex in the
presence of Al3+ ions.113

Ho et al. demonstrated the selective detection of iodide (I−)
ions using poly(3-alkoxy-4-methyl thiophene).114 Their
approach was based on electrostatic interaction (self-assembly
of two opposite charges) and the conformational change of the

cPTs.114 Their findings suggested that the I−-induced optical
properties were strongly dependent on the nature and the
length of the side chain of cPTs. Wang et al. further
investigated the temperature-dependent compaction/decom-
paction transition process of PTs in the presence of KI and
showed the potential use of PTs as a temperature indicator
(Figure 5).115 Wang et al. reported the use of the cross-linked
PTs nanostructure for selective detection of cupric (Cu2+)
ions.116 The Cu2+ ion selectively binds to the water-soluble
conjugated polymer nanostructures resulting in a decreased
fluorescence due to photoinduced electron transfer.116

Ghosh et al. reported the specific fluorometric detection of
cyanide (CN−) ion using PTs (Figure 6).117 Poly(N,N-
dimethylaminoethyl methacrylate) (PTDMA) with iodide
counterion (CPT-I) was used in this assay. The CPT-I
showed lower fluorescence intensity than that of PTDMA
because of excitonic energy transfer from the CPT backbone to
quencher I− ions. CN− ions did not show any quenching
property, but had a higher preference to interact with PTDMA

Figure 3. (A) Schematic illustration of label-free fluorescent detection
of Pb2+ ions. The addition of Pb2+ induced cleavage of the dsDNA
into ssDNA, resulting in electrostatic interactions between ssDNA
and PT, and leading to planar conformational variations with a
decreased fluorescence signal. (B) Chemical structure of the cPT and
secondary structure of the 17E DNAzyme. Reprinted with permission
from ref 50. Copyright 2012 Royal Society Of Chemistry.

Figure 4. (A) Structure of monomer 1, monomer 2, and its
copolymer PT. The ratio of the monomers was varied to optimize the
optical response. (B) Illustration of the principle of Al3+ detection
using copolymer PT-ATP complex. Reprinted with permission from
ref 113. Copyright 2016 Elsevier.
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as compared to I− anions. Thus, the CN− ions substituted the
I− anions and resulted in an enormous increase in the
fluorescence proportional to their concentration.
Phosphates in Nucleotides. Nucleotide phosphates are

critical for various biological reactions and metabolic processes.
The intracellular deoxynucleoside triphosphate (dNTP) pool
is essential for genomic stability and cancer development.118

The purines adenosine triphosphate (ATP), adenosine
diphosphate (ADP), and adenosine are important extracellular
signaling agents.12 This turns nucleotide phosphates into a
critical class of biomarkers to detect using easy-to-use optical
assays.
Yao et al. used the poly(3-alkoxy-4-methyl thiophene)

derivative poly(3-(4-methyl-3′-thienyloxy) propyltrimethylam-
monium (PMTPA) for developing an optical sensor to detect
and distinguish 15 nucleotides along with monophosphate and
pyrophosphate with 100% confidence limits.27 Their findings
suggested that the multiple negative charges (triphosphates
compared to monophosphates) and more hydrophobic
nucleobase moieties (purines relative to pyrimidines) are
crucial for determining the interactions between PMTPA and
15 nucleotides (containing phosphates: XNPs, where, X = A,
U, T, G, C, and N = mono, di, tri, Figure 7A). The

electrostatic, hydrophilic, and hydrophobic interactions cause
planarization of the PMTPA backbone and formation of
PMTPA aggregates with different molecular ordering, which
produce distinct optical responses. The optical responses were
analyzed using linear discriminant analysis (LDA) (Figure 7B).
Tang et al. reported the interactions of cPT (poly[3-(3′-

N,N,N-trimethylamino-1′-propyloxy)-4-methyl-2,5-thiophene
hydrochloride], cPT) and ATP to detect and monitor glucose
phosphorylation by hexokinase in real-time.79 Glucose is
catalytically phosphorylated to D-glucose-6-phosphate (G-6-P)
by hexokinase in the presence of ATP and magnesium (Mg2+)
ions (Figure 8). During this process, ATP is converted into

ADP. ATP and ADP interact with cPT in different ways,
yielding pink-red and yellow color, respectively. Yildiz et al.
reported the use of poly[1-(3-((4-methylthiophen-3-yl)oxy)-
propyl)quinuclidine-1-ium] (poly PTQ) for real-time fluoro-
metric determination of the activity of ATPase.13 The
fluorescence of Poly PTQ is quenched upon the addition of
ATP, but recovers when the ATP is hydrolyzed by the ATPase.
Conversion of ATP to ADP brings about a change in both
fluorescence and color (pink-red to yellow).

Figure 5. Illustration showing (A) the conformational changes in PTs
when exposed to ligands or varying surroundings and (B)
compaction−decompaction of PTs in the presence of KI at different
temperatures.115 Reprinted with permission. Copyright 2011
American Chemical Society.

Figure 6. Illustration showing enhancement of fluorescence intensity
in the presence of CN− ion. The orange disk represents the PT chain,
the green shell stands for a methacrylate chain, a blue sphere with a
blue chain represents −NMe2 groups, the brown capsule represents I

−

ion, and the yellow capsule represents the CN− ion. Reprinted with
permission from ref 117. Copyright 2015 Royal Society Of Chemistry.

Figure 7. (A) Colorimetric response of PMTPA solutions induced by
the addition of different nucleotide phosphates (XNPs). (B) Three-
dimensional LDA score plot for the analysis of the effect caused by
the addition of 15 nucleotides to PMTPA. Reprinted with permission
from ref 27. Copyright 2009 Royal Society Of Chemistry.

Figure 8. Illustration representing a colorimetric assay for detection of
glucose based on hexokinase catalyzed ATP-dependent glucose
phosphorylation using cPT. Reprinted with permission from ref 79.
Copyright 2008 John Wiley and Sons.
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Knaapila et al. explored the effect of increasing concen-
tration of sodium dodecyl sulfate (SDS) in the solution on the
structural reorganization and photophysical properties of
poly[3-(6-trimethylammoniumhexyl)thiophene]bromide
(P3TMAHT).119 This work provided vital information on the
influence of surfactant complexation on both the solution
structure and the photophysical properties of water-soluble
PTs. The mole fraction of SDS defined the supramolecular
arrangement formed by the interaction of SDS and
P3TMAHT. Wang et al. reported the use of a poly[N,N,N-
trimethyl-4-(thiophen-3-ylmethylene)-cyclohexanamiium
chloride] (PTCA-Cl) as a colorimetric and fluorometric probe
for the detection of anionic surfactants.120 This assay could
detect concentrations as low as 1 nM. However, it was not
specific against detergents.120 They further reported a
colorimetric and fluorometric probe for the detection of I−

ions and anionic surfactants with high selectivity and sensitivity
using poly[3-(1,1′-dimethyl-4-piperidinemethylene)thiophene-
2,5-diyl chloride] (PDPMT-Cl).121 The two PTs, PTCA-Cl
and PDPMT-Cl, differ in the cationic part of the PTs side-
chain, which clearly highlights the importance of the functional
groups of the PTs in developing selective optical sensors to
yield different optical responses for different detergents.
Surfactants. Surfactants are significant contributors to water

pollution because of their extensive use in domestic and
industrial cleaning processes. Considering the need to detect
these detergents, facile and cost-effective optical assays have
been developed. The electrostatic, hydrophobic packing,
hydrogen bonding, and ion-pairing interaction between PT
and detergents play a crucial role in the formation of
supramolecular aggregates that generate optical responses.
Evans et al. reported the use of P3TMAHT to develop an

optical sensor for selectively identifying anionic surfactants
based on their structural subgroups.122 Their findings
suggested that the subtle differences in the surfactant mole
fraction and chemical structure (e.g., chain length, headgroup
charge density) yielded variations in the range and type of
complexes formed, which directly correlated to a unique
colorimetric and fluorometric fingerprint response for the
detergents (Figure 9).
These studies suggest that a detailed investigation of the

specific nature and mechanism of interactions between the
side-chains of the PTs and the analyte molecule is crucial. Such
knowledge could help in designing PTs for selective and
sensitive optical sensors with a tailored spectral response.
Optical Biosensors for Detection of Nucleotides.

Nucleotides have phosphate groups which give them a net
negative charge, and the nucleotide bases (i.e., adenine,
thymine, cytosine, guanine and uracil) form hydrogen bonds.
Since electrostatic interactions primarily govern the interaction
of PTs with analyte molecules, a family of cPTs have been used
for developing optical sensors. cPTs have side chains with a
positively charged functional group at the end, which interact
with the negative phosphate groups of nucleotides and form
hydrogen bonds with the nucleotide bases.29,70 This turns the
use of cPTs into a promising approach for developing optical
assays for nucleotides. The binding of a ssDNA sequence to
cPTs causes the aggregation of the conjugated backbone
resulting in a color change and a significant decrease in
fluorescence of the cPTs. In the presence of a complementary
sequence, the nucleotides interact preferentially with each
other instead of the cPTs, resulting in a significant recovery of
fluorescence and color. This aggregation and disaggregation of

the cPT backbone is the basis of the majority of the optical
sensors for the detection of nucleotides.
Ho et al. suggested that the cPTs have distinct electrostatic

interactions with ssDNA and dsDNA, resulting in distinct
conformational changes (Figure 10).123 These conformational
changes form the basis of the different optical responses of
cPTs in the presence of ssDNA and dsDNA. This approach
can easily distinguish between a perfect complementary match
and oligonucleotides containing 1−2 base pair mismatches.
When interacting with ssDNA, the cPTs form a highly

Figure 9. Schematic representation of the optical response and
correlation between the structure and supramolecular organization of
P3TMAHT−surfactant. The detergents used are (A) potassium
heptadecafluoro-1-octanesulfonate, PFOS; (B) sodium octyl sulfate,
SOS; and (C) sodium dodecyl sulfate. (I) Fluorometric response is
represented by changes in emission band shape or wavelength relative
to isolated P3TMAHT (black line). Blue and red shifts in λem are
indicated by the emission band color. (II) Observed colorimetric
response as a function of mole fraction. (III) Proposed P3TMAHT−
surfactant complex structures in aqueous solution. The red and yellow
areas refer to P3TMAHT and surfactant, respectively. Reprinted with
permission from ref 122. Copyright 2012 American Chemical Society.

Figure 10. Schematic of the formation of PT/ssDNA duplex and PT/
dsDNA triplex forms. Reprinted with permission from ref 123.
Copyright 2002 John Wiley and Sons.
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conjugated double helix (duplex) with a planar conformation.
However, with the addition of complementary sequences, they
form a less conjugated triplex structure with planar
conformation (Figure 10). This study suggested that this
difference between the conformational structure of the cPTs
backbone in the duplex and triplex configuration is the basic
principle of the detection approach, which yields an optical
(colorimetric or fluorometric) response.
Magnieto et al. studied the influence of side-chain functional

groups of cPTs and sequence of DNA on the chirality of
cPTs.70 The interaction of ssDNA and cPTs with different
functional groups showed ICD in the cPTs absorbance region
(400−600 nm). The intensity of ICD peaks depends on the
charge and localization of cationic groups of cPTs, with smaller
and more localized charge groups showing the highest ICD
peak intensities. ssDNA has a higher affinity for cPTs as
compared to dsDNA because the bases of ssDNA provide
higher hydrophobicity for interaction via π-type interactions.
In another study, they also suggested that the interactions
between cPTs and DNA depend upon the nature of the DNA
sequence, topology, and length (Figure 10).123

Xinrui Duan et al. also used the interactions between
nucleotides and cPTs to detect genetic modifications such as
single nucleotide polymorphisms (SNP), DNA methylation,
and other lesions in nucleotide sequences.28 Unlike the
previously reported assays using a single PT, Rajwar et al.
used a combination of homo- and co-PTs to develop an assay
for miRNA detection.86 PTs having different functional groups
in a single polymer yielded better optical responses for miRNA
detection in comparison to their homopolymers. Upon binding
to target miRNA, cPTs form a duplex. However, when a
peptide nucleic acid (PNA) is present along with target
miRNA, they form a triplex with the cPT. These structural
differences yielded distinguishably higher fluorescence re-
sponses as compared to miRNA-cPTs duplexes. They also
created a digital array for miRNA assay to compare different
homo- and copolymer of PTs (Figure 11).86

Most of the cPT-based optical assays detect nucleotides in
solutions. These solution-based assays recently have been
translated into membrane/paper-based assays for easier use.
Rajwar et al. translated the PT-based assays in solution to a
membrane-based flow-through colorimetric assay to detect and
distinguish nucleotide biomarkers such as lung cancer-
associated microRNA (mir21) and hepatitis B virus DNA
(HBV-DNA) (Figure 12A−D).87 The sensing approach was
based on the fact that the optical response of cPTs is different
upon complexation with target nucleic acids in the presence or
absence of their corresponding complementary PNAs. In this
study, the solution-based assay was translated to poly-

(vinylidene fluoride) (PVDF) membrane-based assay. The
flow-through colorimetric assay enabled the detection of mir21
and HBV-DNA in plasma without requiring tedious sample
pretreatment and cleanup protocols for potential use in point-
of-care diagnosis. The diagnostic potential of PTs has been
recently demonstrated by the detection of SNP associated with
Familial Mediterranean Fever (FMF) with non-amplification-
based nucleic acid assay (Figure 13).88 This study described a
solution based assay of polythiophene polyelectrolyte and
target genes.
The flow-through colorimetric assay offers great potential for

rapid point-of-care disease diagnosis as well as nucleotide
detection in plasma by preventing the need for any sample
pretreatment processing. The ability of cPTs to interact with

Figure 11. Schematic of cPT/cPT−target miRNA duplex and PT−
PNA−target miRNA triplex formation using homo- and copolymers.
Representation of the optical response in a digital array format for
comparison.86 Reprinted with permission. Copyright 2016 American
Chemical Society.

Figure 12. (A) Illustration of the flow-through device. (B) Response
of the flow-through device showing a colorimetric response of PT
impregnated PVDF membranes (bottom view) and number
represents: 1, reference; 2, for monitoring duplex response; 3, for
mir21; 4, HBV-DNA assay. (C) Schematic representation of sensing
strategy of mir21 and HBV-DNA through the duplex and triplex
formation with PT in the absence and presence of their
complementary PNAs. (D) Response of the flow through device in
the presence of the two biomarkers used for proof-of-concept testing.
Reprinted with permission from ref 87. Copyright 2019 Elsevier.

Figure 13. Schematic of a non-amplification-based nucleic acid assay
for the detection of SNP associated with FMF using cationic
polythiophene. The fluorescent PTs are analyzed using principal
component analysis (PCA), providing a clear separation of healthy
and patient individuals. Reprinted with permission from ref 88.
Copyright 2021 American Chemical Society.
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nucleotide biomarkers in the presence and absence of PNA
samples can be developed as adhesive patches to monitor
nucleotide biomarkers continuously in biological fluids (i.e.,
sweat, plasma, urine, and others). However, nonspecific
electrostatic interactions of PTs with various molecules in
the samples result in a higher signal-to-noise ratio. Thus, using
specifically designed PTs and flow-through assemblies in the
assay would undoubtedly help circumventing these issues.
Optical Biosensors for Detection of Protein and

Enzymes. Proteins and peptides have always been essential
targets for developing point-of-care optical sensors. Hence,
various strategies have been used to develop facile colorimetric
sensors for proteins and peptides using PTs.
Ho et al. developed an optical assay for detecting proteins

and biomolecules. They used a cPT (poly(3-alkoxy-4-
methylthiophene)) and an aptamer (ssDNA) to develop an
optical sensor for detecting human α-thrombin.124 The
aptamers bind explicitly to human α-thrombin and undergo
a conformational transition from an unfolded to a folded
structure. This conformational change in the aptamer can be
detected by cPT forming a new complex with a distinct optical
(colorimetric or fluorometric) signal without any labeling of
the aptamer or the human α-thrombin (Figure 14).124

In a similar manner, Abeŕem et al. used a combination of
DNA aptamers and cationic PTs in microarray format on a
glass slide along with human thrombin for proof-of-concept
demonstration (Figure 15).19 Mixing cPTs and ssDNA
aptamer formed neutral rigid-rod moieties that self-assemble
into nanoaggregates resulting in a significant quenching of the
fluorescence. Notably, the ssDNA aptamer undergoes a
conformational transition from an unfolded to a folded (G-
quadruplex) structure upon the addition of human thrombin,
causing a significant increase in the fluorescence. On the
contrary, a nonspecific protein did not bring about any such
change. These approaches used a protein-specific aptamer for
the detection of protein molecules. Interestingly, a few studies
suggest that the direct detection of proteins is feasible based on
the interaction of PT and the target protein mole-
cules.18,25,48,125,126

Protamine is a protein molecule with various therapeutic
applications, which becomes toxic at higher concentra-
tions.25,127 The standard approach for protein concentration

determination (i.e., UV-absorption at 280 nm) is inefficient in
this case because of the lack of aromatic amino acids in their
primary structure. Wu et al. reported a novel approach for the
colorimetric and fluorescent detection of protamine using an
anionic PT, poly(2-(2-(4-methylthiophen-3-yloxy)ethyl) mal-
onate acid (PMTEMA).25 Protamine is arginine-rich, which
turns it into a strongly basic protein. Negatively charged
PMTEMA interacts with a highly positively charged prot-
amine, forming a complex through multiple electrostatic
interactions. The complex formation produces conformational
and aggregational changes in the PT backbone, with a
corresponding fluorescence quenching and visual color change
of the solution. This visual optical response makes PMTEMA a
promising probe for colorimetric and fluorometric detection of
protamine (Figure 16).19 Interestingly, if the protamine
molecules are digested into smaller fragments using a protease,
trypsin, then these fragments can no longer bring about the
optical response. They further used this approach to detect the

Figure 14. Illustration representing the specific detection of human α-
thrombin by use of ss-DNA thrombin aptamer and cPT. Reprinted
with permission from ref 124. Copyright 2004 American Chemical
Society.

Figure 15. Schematic representation of the specific recognition of
target proteins by ssDNA−PT aptamer duplex aggregates performed
on glass slides. Reprinted with permission from ref 19. Copyright
2006 John Wiley and Sons.

Figure 16. Chemical structure of PMTEMA and schematic
illustration of the detection of protamine and trypsin. Reprinted
with permission from ref 25. Copyright 2013 Royal Society Of
Chemistry.
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activity of trypsin. Proteases also have been reported as
essential biomarkers for several diseases. Therefore, designing
peptide substrates for these proteases that selectively show
optical responses with PTs offer huge potential in point-of-care
assaying.
Abnormal levels of cysteine (Cys) or homocysteine (Hcy)

are related to many complications, such as slowed growth in
children, depigmentation of hair, edema, Alzheimer’s disease,
and cardiovascular diseases.128−130 Yao et al. reported an
optical assay for the selective detection of Cys and Hcy using
PMTPA.125 2-Cyano-6-methoxybenzothiazole (CBT) reacts
with Cys and Hcy leading to the formation of luciferin
derivatives. These luciferin derivatives with a sizable aromatic
plane and negative charges form a complex with cationic
PMTPA through ionic self-assembly resulting in color change
with a decrease in fluorescence (Figure 17).

Nelson et al. demonstrated the use of carboxylic acid-
functionalized PT (PTCA) for the detection of diamines based
on the electrostatic and hydrophobic interactions between
them.48 PTCA produced unique spectral patterns in response to
structurally similar diamines (Figure 18). Various factors
determined the optical response of PTs: planarization/
deplanarization of the PT backbone, π−π interactions between
the PTs chain, and scattering of visible light because of
aggregation. These factors depend on PT−diamine inter-
actions, the length and rigidity of the bonds between the amine
moieties. Their findings suggested that highly accurate
identification can be achieved regardless of the amount of
diamine, because the response relies on the composite
responses from the assembly across the entire spectrum and
not because of a variation in a single wavelength. Thus, instead
of just using absorbance and fluorescence to distinguish among
various diamines, a multivariate statistics approach to
deconvolute subtle differences in the resulting spectra was
adopted. The analytes were identified with an accuracy over
99% using this approach. Maynor et al. further improved the
approach by identifying and differentiating 22 structurally

similar and biologically relevant amines with 97% accuracy.126

They used statistical analysis on an array of wavelengths to
differentiate multiple samples using a single PT. For example,
LDA was used to identify the patterns in the spectral
fingerprints obtained from the interactions of carboxy-
functionalized PTs and the amine-containing compounds.
This approach also was applied to detect biogenic amines in
fish.126 An array of PT was further developed to improve
accuracy and differentiate multiple analytes.18

Miranda et al. used an array of conducting polymers to
detect multiple protein analytes.18 The conducting polymers
used in the study had different charged functional groups
which could interact with proteins via multivalent interactions.
These structural features provided tremendous binding
diversity upon interaction with protein analytes, hence
generating distinct fluorescence response patterns for protein
discrimination (Figure 19). Patterns in the distinct fluores-

cence response of PTs for different protein samples were
analyzed using LDA.18 Patterns for 17 proteins were analyzed
and 97% identification for unknown samples was achieved.
Taken together, the use of pattern identification approaches

and PT arrays for the detection of multiple protein analytes
can certainly help to develop point-of-care sensors to detect
and distinguish multiple analytes simultaneously.

Figure 17. (A) Chemical structure of PMTPA and reaction scheme
for the in situ reaction between CBT and Cys (or Hcy) in PBS. (B)
ISA process of PMTPA in the presence of CBT and Cys (or Hcy).
Reprinted with permission from ref 125. Copyright 2011 Royal
Society Of Chemistry.

Figure 18. Illustration representing the aggregative interactions
between PT 1 (colored rods) and different diamine analytes (A−
C), resulting in the formation of various colored aggregates depending
on added diamine, which is depicted by the different colored rods and
simulated absorbance traces. Reprinted with permission from ref 48.
Copyright 2006 American Chemical Society.

Figure 19. Illustration of array-based sensing of proteins using
conjugated polymers. Reprinted with permission from ref 18.
Copyright 2007 American Chemical Society.
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Optical Biosensors for Detection of Bacterial Patho-
gens. Bacterial and viral pathogens are a significant cause of
water and food contamination every year. Hence, detection of
these pathogens with point-of-care assays is important.
Numerous approaches based on nucleotide and antibodies
have been developed. However, ease-of-use and field
deployability are significant limitations for most of them.
Plante et al. reported the use of cPT (poly(3-lkoxy-4-

methythiophene), AH-35) for culture-independent, direct,
rapid, and yet straightforward detection of microbial particles
in water.31 The interaction of AH-35 PT with the negatively
charged bacterial surface results in a significant decrease in
fluorescence (Figure 20). They used E. coli for a proof-of-

concept demonstration. The outer membrane composition of
bacterial pathogens differs in composition. Thus, designing the
PTs with specific side chains that interact differently with the
membrane or using an array of PTs can help to develop an
approach to detect and distinguish multiple bacterial
pathogens simultaneously.
Li et al. reported the development of a rapid, simple, and

high-throughput screening methodology using antimicrobial
photosensitizers (PSs).32 This approach was based on the
quenching of the fluorescence of poly[3-(3′-N,N,N-triethyla-
mino-1′-propyloxy)-4-methyl-2,5-thiophene hydrochloride]
(PMNT) upon interaction with the bacterial pathogens. The
PSs which are not effective in sensitizing would result in
exponential bacteria growth. Hence, the coating of the bacterial
surface tightly by PMNT through electrostatic and hydro-
phobic interactions resulted in aggregation and fluorescence
quenching of PMNT, whereas effective PSs lead to original and
strong fluorescence of PMNT (Figure 21).

The use of PTs for the detection of bacterial pathogens
based on their surface properties was further developed by Bai
et al.33 They reported on the use of a PT-based system for
differentiating virus particles and other microbes.33 Moreover,
they employed a combination of a cPT and barrel-shaped
macrocyclic molecular cucurbit[7]uril (CB[7]) as reporter
molecules. The two reporters (PT and PT/CB[7]) used in the
assay interact differently with virus and bacterial pathogens,
producing a distinct optical (fluorescence) response. Standard
LDA was used to find patterns to distinguish between viruses
and bacterial pathogens (Figure 22). This work is yet another

example that designing specific and selective PTs-based
reporter molecules or biological probes could promote the
application of conjugated polymer materials in biosensor
development.
Han et al. recently reported on the use of conducting

polymers and peptide complexes to detect and distinguish
bacterial pathogens in the urine.30 They suggested using yet

Figure 20. Schematic description of the method used for the
detection of microbial particle. When the cPT is alone, its
fluorescence is optimal. After adding a microbial particle, a diminution
of fluorescence without any wavelength shift is observed. Reprinted
with permission from ref 31. Copyright 2013 American Chemical
Society.

Figure 21. (A) Schematic representation of a PMNT-based platform
for screening of photodynamic antimicrobial chemotherapy properties
of PSs and (B) chemical structure of PMNT. Reprinted with
permission from ref 32. Copyright 2015 American Chemical Society.

Figure 22. (A) Schematic representation of the assembly process of
the supramolecular sensor system. (B) Schematic illustration of the
approach used for detection and discrimination between the virus and
bacterial pathogens. Reprinted with permission from ref 33. Copyright
2018 American Chemical Society.
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another negatively charged conducting polymer reporter
material, poly(para-phenylene ethynylene) (PPE), which
forms electrostatic complexes with four positively charged
antimicrobial peptides (AMP). The complex between PPE and
AMPs partially quenched the fluorescence of the PPE.
However, AMP-PPE complexes interact distinctly different
with the surface of bacterial pathogens (Figure 23). LDA was

used to evaluate the fluorescence response of different bacterial
pathogens. The LDA analysis helped to group the bacterial
species and strains into clusters according to staining
properties (Gram-positive and Gram-negative) or genetic
similarity (genus, species, and strain).
Sinsinbar et al. recently reported an optical assay for the

detection of bacterial pathogens based on the activity of the
bacterial membrane proteases and interaction of PTs with
protease substrate.131 They used an optimized peptide
substrate for an outer membrane protease, OmpT, present
on E. coli, and polythiophene acetic acid (PTAA) as the
reporter PT.131 The protease substrate, when interacting with
PTAA, results in a blue shift in the absorbance spectrum and
an increase in fluorescence (Figure 24). However, in the
presence of E. coli, the peptide substrate was cleaved by OmpT,
and the cleaved peptide fragments were not capable of bringing
about any change in the absorbance and fluorescence spectra.
This assay is a functional and highly specific assay using
anionic (COO− modified) PT, unlike the previously reported
electrostatic or hydrophobic interaction-based assays.30,33

Various PTs have been used as reporter molecules in
different assay formats, and a few have been discussed above.
Alternative bioanalytical strategies also have been reported
using PT and related conjugated materials, for instance, in
imaging and diagnosis, which will be discussed in the next
section.

■ RECENT DEVELOPMENTS AND PERSPECTIVES
Despite the extensive use of PTs as reporter molecules in
developing optical biosensors, there are a few limitations that
require future attention. One major limitation is related to the
synthesis of PTs. Synthetic PTs are mostly polydisperse, which
affects the conjugation length of the PTs. This results in broad
and diffuse responses, as both the emission and absorption
spectra critically depend on the length of the thiophene
backbones. The polydispersity of PTs not only affects the
optical responses of PTs, but also their abilities to interact with
analytes.
There is always a batch-to-batch variation in synthesis, and

even the characterization of the PTs is difficult. For molecular
weight estimation, gel permeation chromatography is com-
monly used. However, the polystyrene standards used for
calibration possess very different geometrical restraints. Hence,
the calculated and actual sizes can be quite different. Matrix-
assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) previously has been used for
characterization of the size distribution, however, with its own
limitations. First, not all PTs can be ionized effectively. Second,
the polydisperse chains of PTs would have different degrees of
ionization, affecting the accurate estimation of chain length
distribution. These limitations make it challenging to obtain
PTs of consistent sizes. Several groups have utilized
luminescent conjugated oligothiophenes (LCOs) of fixed
chain size to prevent these issues. These LCOs are synthesized
by adding required units one-by-one. Although during the
synthesis of LCOs, few purification steps are required, unlike
PT synthesis, LCOs have reported several advantages
compared to PTs,43,132,133 because LCOs with a monodisperse
size have consistent absorption and emission spectra. PT
optical response is mainly dependent on the electrostatic
interactions between the analyte and PT. However, false
positives can occur because of nonspecific interactions between
charged biomolecules and PTs. There are fewer electrostatic/

Figure 23. Schematic illustration of PPE/AMP complex-based assay
for the discrimination of different bacteria. (A) Chemical structure of
conducting polymer PPE1. (B) Representation of electrostatic
complex formed between negatively charged PPE and positively
charged AMP resulting in quenching of the PPE fluorescence. (C)
Addition of bacteria to the PPE/AMP complex leads to the
fluorescence increase caused by the displacement of the indicator
molecule (left) or results in the fluorescence decrease caused by the
aggregation of the PPE/AMP complex on the surface of bacteria
(right). Reprinted with permission from ref 30. Copyright 2017 John
Wiley and Sons.

Figure 24. Schematic illustration of OmpT-based E. coli sensing with
anionic polythiophene and unlabeled peptide substrate. Reprinted
with permission from ref 131. Copyright 2020 John Wiley and Sons.
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hydrophobic interactions between LCOs and target molecules
compared to PTs because of the fixed chain size and charges.
Therefore, LCOs show higher specificity to molecules and less
pronounced nonspecific interactions with charged molecules as
compared PTs.133 LCOs also have a higher quantum yield as
compared to PTs because of less aggregation-induced self-
quenching. Although these properties make LCOs a better
optical reporter as compared to PTs, they have not been
explored extensively as a reporter to develop optical biosensors
for biomolecules like nucleotides, proteins, peptides, etc.134,135

However, Nilsson et al. have extensively used LCOs to study
protein aggregation diseases, cancer, and bacterial infec-
tion.95,96,136−139 They also used LCOs to distinguish the
amyloid-like fibrillar state and the native protein.132,133,140,141

At the same time, well-defined conjugated oligoelectrolytes are
also being used for developing optical sensors for detection of
bacterial pathogens, DNA, proteins, and other mole-
cules.142−145 Use of LCOs as selective and specific reporter
molecules in developing optical sensors for point-of-care assays
is a potential way forward to improve upon the limitations of
PTs.
The basic molecular mechanisms behind the induced optical

responses of PTs are not very well understood. It is universally
agreed that mostly electrostatic and hydrophobic/hydrophilic
interactions are established between PTs and analytes.
However, the effects of these interactions are not clearly
understood in relation to the structural and optical properties
of π-conjugated PTs. Previous reports suggest selective
detection of small ions and molecules by using PTs with
side-chains having different functional groups. However, the
reasons for PTs to interact with similarly charged species still
remain unanswered. Improvement in understanding these
interactions would definitely enable designing PTs with side-
chains and functional groups specific to an analyte. Molecular
dynamics simulations have been performed to study the
interactions between PTs and analyte, but these studies are still
not well developed for different PTs and target analytes.29 The
effects of side-chain length, saturation and unsaturation of side-
chain, functional groups, and various other parameters need to
be characterized and understood in detail in order to design
and synthesize PTs that specially bind to the analytes.
Rittmeyer et al. studied the substitutions at the side chain of
PTs and the corresponding effect on the electronic structure of
thiophenes using periodic density functional theory calcu-
lations.146 The effects of the substitutions were far more
complex and could not be explained just based on simple
electron removal or addition. Although these molecular
modeling and simulation studies are still in their infancy, the
development of these studies can be of great importance to
design novel PTs/LCOs advance the understanding of their
interactions with analyte molecules.
Macromolecules like proteins or bacterial pathogens have

multiple distinct interaction points with PTs. Hence, designing
selective and specific PTs for these larger molecules is very
challenging. However, by using a combination of arrays of PTs
along with LDA analysis, it could be possible to develop
strategies for specific detection of macromolecules. The assays
could be linked to cellphone-based data capture and analysis
for point-of-care applications. Another critical aspect of the
PT-based assays is that they are being developed as facile
optical assays for point-of-care diagnosis. However, most of the
reported PT-based sensing reports are on solution-based
assaying. Thus, the translation of these solution-based assays

into paper, lateral-flow, or dipstick formats would be essential
for the development of future point-of-care solutions. Our
group has worked on the translation of solution to membrane-
and paper-based assays for point-of-care applications.87,147,148

In addition, translation into paper-based assays also reduce the
need for tedious sample pretreatment steps as filtration and
sample enrichment strategies can be easily integrated with such
platforms.
Fluorescent soft conjugated polymer nanoparticles and dots

have changed routines in bioimaging, diagnostics,149,150 and
drug therapy studies.150 The soft conjugated polymer nano-
particles exhibit reversible chain deformations and displace-
ment by the conformation transition of their polymer
backbone, causing significant changes in photophysical proper-
ties.151,152 Moreover, they provide high emission intensity,
chemical modularity, and biocompatibility.150 By their
property, soft nanoparticles also exhibit penetration capability
in both inter- and intracellular milieu. Recent reports discuss
the use of conjugated polymer nanoparticles (CPNs) and
polymer dots (Pdots) in in vitro and in vivo imaging and
diagnosis.153 The single-chain Pdots in reduced diameter (<10
nm) have shown improved quantum yield, photostability, and
colloidal stability153−155 as compared to CPNs. Therefore, in
biological applications, single-chain Pdots are expected to show
unambiguous advantages.156−158 Recently, Ozenler et al.
demonstrated the use of single-chain Pdots for differentiation
of cancer and healthy cells in coculture medium.159

Hepatocellular carcinoma (HuH-7 cells) and healthy adult
liver epithelial cells (THLE-2 cells) were used to assess the
accumulation of Pdots in the cells (Figure 25A). Figure 25B
(upper panel) shows HuH-7 cells where Pdots were localized
in the nuclei, whereas they accumulated in the cytoplasm and
around the nuclei of THLE-2 cells (Figure 25B, lower panel).
The selective translocation of Pdots into the nuclei of cancer
cells was confirmed by a coculture experiment for HuH-7 and
THLE-2 cells (Figure 25D−G).
A recent review on Pdots summarizes major developments

in bioimaging and sensing. In particular, narrow emission and
NIR region- and agregation-induced emission of semiconduct-
ing polymer nanoparticles were carefully reviewed.160 In yet
another study, Chiu et al. has shown that photoswitchable
Pdots can be used to paint and sort cells selectively that
enables genetic analysis of selected cells (Figure 26).161

In vivo dynamic monitoring by implantable Pdots has been
used to exemplify this detection strategy by using glucose-
oxidase-functionalized polymer dots. The Pdot−enzyme
assembly after subcutaneous implantation provided an efficient
signal that was transdermally detectable and continuously
responsive to blood glucose fluctuations for up to 30 days.
Furthermore, their results offered high selectivity, large
dynamic range, and reversible glucose detection in cell and
tissue environments using Pdots.162 Pdots also were utilized for
photoacoustic imaging. For instance, Podts emitting in the
second near-infrared (NIR II) region were successfully applied
for photoacoustic imaging of orthotopic brain tumors. For
example, Pdots emitting at NIR II offered efficient skull
penetration and improved signal/background ratio using a
1064 nm laser.163 These attractive advantages of Pdots provide
effortless translation for precise determination of surgical
borders in cancerous tissues and for discriminating cell
histological examinations.
We see huge potential for nanoscale PT-based reporters,

with improved quantuum yield, biocompatibility, and colloidal
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stabilty, to replace/complement the aforementioned CPNs and
Pdots in bioimaging and related theranostic applications.
In summary, PTs constitute a special class of sensory

materials that provide optical signals in response to conforma-
tional alterations in their backbone induced by the target
analyte. This intriguing property of PTs is heavily exploited in
numerous fields of science and technology. However, the

continuously changing needs and challenging problems in
detection, imaging, and theranostic applications require PTs
and related polymer particles with improved properties. The
past and recent studies have shown that in vitro ultrasensitive
detection of target analytes is feasible by using PTs. However,
the synthesis and application of nontoxic and biocompatible
PT probes that are injectable/digestible are still challenging. In
clinical practice, it is an urgent need to explore noninvasive as
well as biocompatible yet functional PT assays for enabling
real-time detection in the living systems, including, for
example, continuous monitoring of biomarkers for viral and
bacteriological infections. Moreover, the automated genomic
and proteomic instruments are an integral part of the state-of-
the-art diagnostic processes, and we envision huge potential of
PTs as optical probes in these array type assays in conjunction
with LDAs. Bioconjugation of PTs with recognition elements
that are specific for biomarkers appears as another potential
future research direction since the rapid detection without
pretreatments will be of prime interest for their application in
resource-limited settings. PTs have already generated new
paradigms such as naked eye detection and near-zero-cost
diagnostic tools. Furthermore, PTs exhibit substantial potential
in continuously monitoring, wearable, and implantable/
digestible devices for near-future diagnostic applications.
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■ VOCABULARY
CPE,Conjugated polyelectrolytes are macromolecules, which
have both delocalized π system and charged or ionizable
functional groups in their backbone.; Responsive polymer-
s,Polymers displaying explicit changes to chemical, physical or
environmental stimuli such as pH, light, temperature,
electricity, etc.; Complexation,Polyelectrolyte complexation is
the association of negatively and positively charged macro-
molecules due to electrostatic interactions.; Conformation,The
spatial arrangement of the polymer chain that depends on the
rotation around single bonds.; Conjugation length,The
effective number of monomer units that pursue a continuous
overlap of p orbitals.

■ ABBREVIATIONS
CPEs, conjugated polyelectrolytes; PTs, polythiophenes; cPTs,
cationic polythiophenes; LCOs, luminescent conjugated
oligothiophenes; VOCs, volatile organic compounds; ICD,
induced circular dichroism; ssDNA, single-stranded DNA;
dsDNA, double-stranded DNA; miRNA, microRNA; SNP,
single nucleotide polymorphisms; PNA, peptide nucleic acid;
HBV-DNA, Hepatitis B Virus DNA; dNTP, deoxynucleoside
triphosphate; ATP, adenosine triphosphate; ADP, adenosine
diphosphate; LDA, linear discriminant analysis; SDS, sodium
dodecylsulfate; PS, photosensitizers; AMP, antimicrobial
peptides
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