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Abstract: Conducting polymers are used in a wide range of applications, especially in the design
and development of electrochemical sensors. Their main advantage, in this context, is their ability
to efficiently modify an electrode surface using the direct polymerization of a suitable monomer
in an electrochemical cell, or by physical coating. Additionally, the conducting polymers can be
mixed with further materials (metal nanoparticles, carbonaceous materials) to enhance conductivity
and analytical features (linear range, limit of detection, sensitivity, and selectivity). Due to their
characteristics, conducting polymer-based amperometric sensors are applied to the determination of
different organic and inorganic analytes. A view of recent advances in this field focusing on pyrrole,
thiophene, and 3,4-ethylenedioxythiophene as starting materials is reported.

Keywords: conducting polymers; amperometric sensors; heterocycle rings; metal-containing
conducting polymers; carbonaceous materials

1. Introduction

Conducting polymers (CPs) are a wide and well-known class of materials that, accord-
ing to IUPAC, can be defined as polymeric materials that exhibit bulk electric conductivity [1].
Because of their electrical, magnetic, and optical properties induced by doping/dedoping
processes, CPs have been used in different technological applications, including recharge-
able batteries [2—4], photosensitive devices [5-11], biomedicine [12,13], and sensors [14-21].
The synthesis of CPs can be performed using the chemical as well as the electrochemical
route. The classical synthetic approach usually allows us to obtain large amounts of poly-
mer with a defined structure starting from the corresponding monomer(s). The chemically
synthetized CPs can be used as modifying agent of electrode surfaces by a drop-coating
approach. On the other hand, the electrochemical synthetic approach shows some interest-
ing advantages, resulting in the development of a polymer film on an electrode surface.
Especially, the thickness of the film can be tuned by monitoring the deposition charge, the
growth of the film can be followed by (spectro)electrochemical techniques, and the film can
be characterized on the electrode surface without further modification procedures [22-24].
Additionally, the in situ modification of the electrode surface by the CP-film allows it to
be used as it is in specific applications, including electrochemical sensors. According to
the response mechanism, electrochemical sensors can be classified into potentiometric,
amperometric, and impedimetric sensors. Some recent advances in each of these classes
can be found in references [25-37]. Although impedimetric sensors are often more sensitive
than amperometric ones, these are commonly preferred due to the easier performance of
the amperometry measure, as well as current data collection and interpretation [38]. The
wide class of amperometric sensors usually also includes voltammetric sensors, even if in
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this last case current values are measured at a varying potential instead of at a fixed poten-
tial [39]. Sampling current at a fixed potential allows to perform the analytical experiment
in a “continuous step”, with current increases (or decreases) observed when the analyte
concentration changes. Instead, a voltammetric experiment requires a new potential scan
for each change in concentration. In this context, amperometric sensors have attracted a
large interest due to the possibility to design them as portable, easy-to-prepare low-cost
tools able to give rapid analytical responses with high selectivity, high sensitivity, and
low detection limit. In the development of amperometric sensors, CPs can be successfully
adopted as chemical transducers facilitating the electron transfer process due to their ex-
tended charge delocalization. Moreover, in the specific case of biosensors, CPs can act also
as immobilizing agent of the biological receptor on the electrode surface, assuring high
selectivity, and long life and efficiency to the final device.

Amperometric sensors have been reported in the determination of different analytes,
beginning with the oxygen probe proposed by Clark about 70 years ago [40]. Hitherto, a
large part of amperometric sensors have been devoted to the detection of HyO,. In this
context, a wide variability of materials has been proposed, including CP-based options.
Furthermore, in recent years, several papers concerning different amperometric sensing of
different analytes have been published. In particular, great attention has been dedicated to
chemical species of biomedical interest like glucose, ascorbic acid, neurotransmitters, and
biological markers, as well as analytes of environmental interest like phosphate and nitrite
ions, metal ions, and pesticides.

On the other hand, research in the field of amperometric sensors has been focused on
materials suitable to enhance their analytical performances. Combinations of CPs used as
modifying agents for electrode surfaces with different components have been proposed,
including carbon nanotubes and graphene-based materials, metal (nano)particles, organic,
and inorganic materials. The most common CPs investigated and reported in the develop-
ment of amperometric sensors are originated from a heterocyclic ring, especially pyrrole
(Py) and thiophene (Th) and the thiophene derivative EDOT (3,4-ethylenedioxythiophene)
(Figure 1), but further precursors have been considered over the years. The main advantage
of the basic structures of Py and Th is the possibility to modify the features of the monomer
and of the corresponding polymer by different modes. First, various substituents can
be inserted on the C3 and C4 positions of the ring, so tuning conductivity and chemical
behavior of the resulting CP. The substituents can simply include alkyl chains or acid /base
functionalities, as well as more complex structures as hetero-aromatic systems able to
coordinate metal ions. These (modified or un-modified) starting materials can be combined
to different substrates like different monomers to give a copolymer as a final material.
The co-monomer selected can be a CP-precursor itself, but this is not mandatory. Also
(metal)nanoparticles and/or carbonaceous materials (carbon nanotubes, graphene, and
graphene oxide) can be mixed to the starting monomer or to the resulting CP to enhance
the conductivity characteristics of the electrode surface.
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Figure 1. Common monomers as precursors of CPs.

A review on the application of CPs in the amperometric sensor can be focused on the
analyte or, as an alternative, on the sensor material and its modification or combination with
different components. Here the second option has been chosen, with a specific attention to
three out of different monomers that can originate a conducting polymer, namely pyrrole
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(Py), thiophene (Th), and 3,4-ethylenedioxythiophene (EDOT). Although these monomers
and the resulting CPs are rather common, their characteristic can be modified, making
them still relevant in the field.

2. Pyrrole

In the wide class of CPs, polypyrrole is probably the most investigated in sensor
applications, mainly because of the high solubility in water of pyrrole and its compatibility
to biological systems. In the last 15 years, a great number of research papers have been
published concerning the different uses of polypyrrole-derivatives in sensing. Table 1
summarizes the materials, analytes, and analytical performances of the literature papers.

Pyrrole monomers can be the object of structural modification to give the correspond-
ing polymer form, and functionalization can also be performed on the heteroatom of the
pyrrole ring. Possible and required modifications arise, in most cases, from added com-
ponents in the structure of the sensor. Moreover, pyrrole can be combined with other
polymerizable species, originating complex structures with mixed features. A strict clas-
sification among sensor materials containing polypyrrole (unmodified or functionalized)
alone or in combination with different components is not easy, because often a complex
combination with carbonaceous materials and/or metal centers is observed. Here, a divi-
sion of sensor materials according to the main feature acting toward the modification of
pyrrole is adopted.

2.1. Unmodified Py, Ring Functionalization, and Copolymer Materials

Usually, the application of films of polypyrrole requires taking care to avoid the overox-
idation of the heteroatomic rings to maintain the conjugated system along the polymer
chain. Nevertheless, overoxidation of polypyrrole, while resulting in a loss in conductivity,
enables the polymer film to gain selective properties ascribed to the presence of carbonyl
groups in some heterocyclic rings. On these bases, overoxidation of an unsubstituted
polypyrrole film was proposed for the amperometric sensing of H,O, and proved to be
surprisingly effective [41]. In particular, a thin film (about 10 nm) was obtained in potentio-
static conditions in KyHPO, aqueous solution. The author suggests that the high sensibility
and selectivity of the sensor are due to the low thickness of the film. For this reason, the
film works as a permselective membrane, although no biocatalytic component is present.
Furthermore, the sensor showed a fast and selective response to HyO5.

Due to its features, overoxidized polypyrrole has been successfully applied in molec-
ularly imprinted polymers (MIPs) arrangements. The performances of the resulting sen-
sors depend on the polymerization/overoxidation conditions, including monomer con-
centration, applied potential, and the supporting electrolyte used in the polymerization
step [42,43]. The polymerization pyrrole is conducted electrochemically in the presence
of the target species, which is removed in the overoxidation step. Suitable cavities in the
polymer matrix are thus made available with size, shape, and functional groups comple-
mentary to the template, thus concurring to the selectivity of the resulting sensor [44]. In
this context, an amperometric sensor for sulfadimethoxine (a sulfonamide antibiotic) was
reported by Turco et al. [45]. The sensor exhibited a linear range from 0.15 to 3.7 mM,
and a limit of detection of 70 pM was achieved in the determination of the target analyte,
demonstrating a good selectivity.

To achieve a specific goal, the sensor’s performances are often improved by modifying
the conducting film. An apparently simple, but effective, modification has been reported
using mesoporous silica in a polypyrrole-based biosensor for the determination of H,O,.
Polymerization of pyrrole was performed using classical chemical synthesis in an aqueous
solution with FeCl; as an oxidant and using mesoporous silica as a component of the
reaction mixture. The obtained silica-PPy dispersion was dropped onto a glassy carbon
electrode, and then a specific receptor (in this case, hemoglobin) was immobilized by
physical absorption. In such an arrangement, mesoporous silica allows us to obtain a
uniform layer of conducting polymer that in turn efficiently catalyzes the reduction of
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H,0;. This sensor showed good stability and reproducibility, and LoD was 0.01 mM in the
detection of hydrogen peroxidase [46].

Specific attention has been aimed at sensors for the detection of analytes of interest
to human health. This is the case of cholesterol, whose high values in human blood cause
clinical disorders in the cardio circulatory system. In this context, an enzyme-based sensor
has been proposed by Yildiz and coworkers [47], where the enzyme cholesterol oxidase was
entrapped into polypyrrole chains during the electrochemical polymerization of a pyrrole-
containing species (Figure 2). The analytical response was performed by monitoring H,O,
at a proper oxidation potential (0.7 V vs. Ag/AgCl) in the absence of a redox mediator.
Such a sensor shows satisfactory kinetic and analytical parameters, but poor stability, which
may be due to inadequate enzyme immobilization.
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Figure 2. Structure of PPy-based co-polymers able to entrap cholesterol oxidase enzyme (reprinted
from ref. [47] with the permission of Taylor & Francis).

In some cases, a specific functionalization of the nitrogen atom in the pyrrole ring
has been proposed. Baur et al. adopted this solution to obtain an affinity biosensor
using the biotin—avidin interaction [48]. In this case, a pyrrole-nitrilotriacetic acid was
electrochemically polymerized on a platinum electrode. Then, the coordination of Cu?* was
achieved by immersing the CP-modified electrode in a CuCl, aqueous solution. A further
coordination process on the same Cu?* center finally permitted to immobilize a biotinylated
enzyme (glucose oxidase (GOx) or polyphenol oxidase). Such an arrangement (Figure 3)
induces a highly efficient immobilization procedure, comparable to the classical affinity
interaction biotin—avidin. The reported sensor was tested in the detection of glucose and
catechol, with a sensitivity of 0.6 mA mol ! Lem =2 and 656 mA mol ! L em 2, respectively,
and a maximum current density of 13.2 uA cm~2 for glucose and 25.4 pA cm 2 for catechol.

Biomolecule N

H
N
Biomolecule

poly(pyrrole)
ELECTRODE

Figure 3. Immobilization of a biotinylated enzyme on a P(Py-nitriloacetic acid)-Cu?* (reprinted from
ref. [48] with the permission of Elsevier).

Functionalization of a pyrrole ring achieved with redox substituents, like a ferrocene
unit, proved to be an efficient approach to facilitate the development of a fast-response
and long-life biosensor. On the other hand, a quite simple approach like copolymerization
usually makes easier the synthesis of a polymer film. On these bases, a copolymer made up
of ferrocene-pyrrole, pyrrole, and pyrrole—propanoic-acid monomers was designed and
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electrochemically obtained on a glassy carbon electrode in p-toluene sulfonic acid sodium
salt [49]. The resulting film was then used as immobilizing matrix for GOx (Figure 4).
The presence of -COOH groups in the copolymer structure promotes the enzyme covalent
binding, ensuring reproducible behavior and allowing for multiple uses of the biosensor. To
enforce the immobilization of GOXx, a classical coupling procedure using CMC (1-cyclohexyl-
3-(2-morpholinoethyl)-carbodiimide metho-p-toluenesulfonate) was adopted. Glucose was
measured at +0.38 V vs. Ag/AgCl in a phosphate-buffered solution at pH 7.0, with linear
range (1.0-4.0 mM) comparable to other pyrrole-based glucose biosensors.

: f
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Poly(Fy/Fy-NH2/Fy-Fc) GOx immobilized electrode
film coated electrode

Figure 4. (A) Synthesis of ferrocene-pyrroles polymer. (B) Immobilization of glucose oxidase enzyme
onto a polymer film (reprinted from ref. [49] with the permission of Elsevier).

A similar approach has been performed using the copolymerization of pyrrole with
a pyrrole-phenyl-ferrocenecarboxylate, where the ferrocene unit acts as a redox mediator
(Figure 5). The co-polymerization was carried out in a potentiostatic mode on an ITO
surface in an aqueous solution containing the monomers as well as glucose oxidase as a
biological receptor to give an amperometric biosensor for glucose detection. The ferrocene
redox unit has the main role to promote an efficient electron transfer process, thus inducing
a faster and more sensitive response, avoiding the use of a redox mediator into the analyte
solution [50]. Furthermore, the immobilization of the enzyme was particularly effective
because of the encapsulation process taking place along with the polymerization.

An alternative approach for encapsulation of an enzyme in a polypyrrole-based biosen-
sor was proposed. Unlike as usual, the enzyme GOx was firstly deposited on graphite
electrodes and immobilized by glutaraldehyde (Immobilization of enzymes by cross-linking
with glutaraldehyde is one of the most used techniques in the construction of biosensors.
Details in this regard are out of the scope of this review, but a few of the literature contribu-
tions are easily available). Then, the GOx-modified electrode was immersed in an aqueous
solution containing both glucose and a polymerizable monomer (pyrrole or aniline), prop-
erly buffering pH [51]. The presence of atmospheric O, induces a catalytic reaction forming
HyO; that works as polymerization initiator. Polypyrrole (as well as polyaniline) films
entrapping the enzyme are then formed, and the enzymatic biosensors are applied to the
determination of glucose. The authors evidence that in this arrangement, the CP-membrane
acts as a permselective membrane, lowering the influence of interfering species (mainly
ascorbic and uric acid). Furthermore, the stability of the biosensor appears higher than
more classical approaches.
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GOX-P(Py-FcPy)/ITO

Figure 5. 4—(1H—pyrrol—1—yl)phenyl ferrocenecarboxylate (FcPy, on the left) and scheme of the
GOx-P(Py-FcPy)/ITO biosensor (on the right) (reprinted from ref. [50] with the permission of Elsevier).

A GOx-initiated polymerization of pyrrole was also reported by Camurlu and cowork-
ers [52], which proposed an amperometric glucose biosensor using whole cells of Aspergillus
niger instead of the GOx usually extracted from this fungus. Polypyrrole was obtained
using in situ polymerization within the cellular membrane anchored on a GCE. The pres-
ence of the conducting polymer allows for an enhancement of analytical performances
compared to an analogous sensor made up of the cells only, lowering the detection limit (A.
niger 0.036 mM, PPy-A. niger 0.005 mM) through an easy and biocompatible method.

Organized structures as dendrimers were also exploited in GOx-based amperometric
sensors. Amidoamine-pyrrole dendrimers (pyrrole-PAMAM, Figure 6) were linked to
a gold electrode surface, properly functionalized with 3-mercaptopropionic acid (MPA),
using a carbodiimide (EDC) as coupling reagent between the -COOH groups of MPA
and the -NH; groups of the dendrimers. GOx was then immobilized, applying a constant
potential (0.8 V vs. Ag/AgCl) to the so-modified electrode immersed in an aqueous solution
containing pyrrole, GOx, and p-toluene sulphonic acid sodium salt [53]. The amperometric
sensing of glucose was investigated at 0.7 V in phosphate-buffered solution at pH 7.5
(following the increasing in HyO, concentration as product of the electrocatalytic reaction),
showing a good linearity in the range 0.5-5.5 mM. The sensor was also tested against
interferences from uric acid, ascorbic acid, and acetaminophen, with relative error lower
than 4% in current measurement.

Figure 6. Pyrrole-PAMAM dendrimer (reproduced from ref. [53] with the permission of Elsevier).

Among biosensors for inorganic analytes, the amperometric detection of phosphate
was reported using polypyrrole. Lawal and Adeloju [54] entrapped xanthine oxidase
(XOD), in combination with purine nucleoside phosphorylase (PNP) and K4Fe(CN)g, in a
polypyrrole film obtained using galvanostatic polymerization. An analogous potentiomet-
ric bilayer sensor was prepared, where a PPy-NO;-Fe(CN)s*~ inner film was combined
to a PNP-XOD couple immobilized with the classical BSA-glutaraldehyde (BSA = bovine
serum albumin) approach. The performances of the amperometric and potentiometric
biosensors were compared. The detection limit and linear concentration range were found
to be 20 pM and 20-200 uM for the potentiometric sensor, and 10 uM and 0.1-1 mM for the
amperometric one, respectively.
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A fascinating approach in the development of biosensors involves the use of plant
tissues as biological receptors, rather than enzymes. An example was reported by Zavar
et al. [55], requiring the deposit of a thick section of banana pulp on a graphite disk,
followed by the electrodeposition of a polypyrrole film cycling the potential between
—0.7 and 1.3 V in an aqueous solution containing a pyrrole monomer and LiClOy as
the supporting electrolyte. Such a device was used in detecting salicylic acid in real
samples (plasma, milk) using DPV, with a linear concentration range between 1 x 10~7 and
1 x 10~* M and a detection limit of 8.9 x 1078 M.

A simple non-enzymatic sensor for urea was designed by coating a Pt electrode with
an electro-generated polypyrrole film in a solution containing sodium dodecylsulphate
as a supporting electrolyte [56]. Measurements of the current were performed in mildly
acidic conditions, and interference from ascorbic acid, uric acid, sodium chloride, and
calcium chloride were investigated. Chronoamperometry responses were recorded at
—0.4 V vs. SCE, corresponding to the reduction of ammonium ions. Response time was
highly satisfactory (lower than 1 s), as well as the linear range (80-1440 uM), sensitivity
(1.11 pA pM~1 em—2), and detection limit (40 uM).

Applications of biosensors in detecting organic pesticides are also reported. In par-
ticular, a biosensor based on acetylcholinesterase entrapped in an electrogenerated film
of polypyrrole proved to be efficient in revealing organophosphate and organocarbamate
pesticides, with a detection limit of 1.1 ppb and 0.12 ppb, respectively. The storage at
0 °Cin dry conditions permits us to retain 70% of the original activity of the biosensor for
4 months [57]. Acetylcholinesterase in the detection of organophosphorus pesticides was
also used combined with a composite gold nanoparticles/polypyrrole/reduced graphene
oxide [58]. The biosensor was prepared using a multistep approach: (i) electropolymer-
ization of pyrrole on glassy carbon electrode from an aqueous suspension containing the
monomer and reduced graphene oxide; (ii) electrodeposition of gold nanoparticles using
electrodeposition from an aqueous solution of 0.1% HAuCls-4H,O; and (iii) galvanos-
tatic deposition of acetylcholinesterase from a buffer solution containing the enzyme and
(NHy4),SiFg that acted as precursor of a silica matrix to stabilize the structure of the biosen-
sor. The biosensor behavior was characterized by high stability, retaining 90% of the initial
current response over a 30 days period. Moreover, the biosensor showed a fast response
towards selected pesticides in a concentration range 1.0 nM-5 uM, and a detection limit of
0.5 nM.

A pH-insensitive amperometric sensor for the detection of dissolved oxygen was
proposed adopting a methylene blue-pyrrole copolymer electrogenerated on Au electrode
surface in an aqueous buffer solution. Because of the pH dependence of methylene blue
and its polymer form, pyrrole was used as a co-monomer. The sensor was proposed
to be used in biological investigations, thanks to its stability (18 days) and sensitivity
(256.335 pA mM ! ecm2) performances, wide linear range (15-285 pA), and low detection
limit (1.47 uM) [59].

Polypyrrole-based biosensors were also applied for the study of some pathologies.
For instance, a screen-printed electrode (SPE) surface was modified with a polypyrrole
film obtained using cyclic voltammetry polymerization of 1H-pyrrole-1-propanoic acid in
LiClO4/acetonitrile solution [60]. The film was then functionalized with a 3-cyclodextrin,
immobilized with the classical EDC/NHS (EDC = 1-Ethyl-3-(3-dimethylamino-propyl)
carbodiimide), NHS = N-hydroxysuccinimide) approach. Finally, an ADA-CMC-GLI
(ADA = adamantane, CMC = carboxymethylcellulose, GLI = gliadin) was anchored to
the modified SPE in a supramolecular arrangement. The sensor was incubated with an
anti-gliadin antibody and was tested for the investigation of celiac disease, showing good
sensitivity (0.45 pA mL ug’l) and a low detection limit (33 ng mL~!) in a linear range
0-10 pg mL~ 1.

The development of sensors for biomedical applications often suffers from fouling
troubles due to the specific biological components. To overcome this problem, an ele-
gant solution was proposed using a polypyrrole film generated with cyclic voltammetry
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on a gold electrode surface and modified with polyethylene glycol. A poly-histidine
modified aptamer was then immobilized on this platform using a ANTA/Cu?* complex
(ANTA = N-(5-amino-1-carboxypentyl)iminodiacetic acid) as linkage, and the resulting ap-
tasensor was finally tested in the detection of a biomarker for prostate cancer using SWV [61].
The described sensor showed detection limits of 0.15 fM and 1.4 fM in a phosphate buffer
and human plasma, respectively. The authors declare that the proposed approach can be
successfully adopted for other cancer biomarkers by using suitable aptamers.

MOFs (Metal Organic Frameworks) modified with conducting polypyrrole were
also recently developed for the detection of Pb(II) and Cu(II) [62]. Pyrrole was chemically
polymerized in an aqueous solution containing a ZIF (Zeolitic imidazolate framework)-type
MOF, and the composite was then functionalized with phytic acid and deposited on a GCE
surface at —1.0 V vs. SCE. Pb(II) and Cu(Il) were simultaneously detected using differential
pulse voltammetry (—0.6 V and —0.1 V, respectively), with a linear range 0.02-600 uM
for Pb(IT) and 0.2-600 uM for Cu(II). Detection limits were found to be 0.0029 uM and
0.0148 uM, respectively. The sensor proved to be stable for 40 days, and was successfully
tested on real samples (lake water, orange juice, and honey samples). Finally, the effect of
a series of interferent metal ions was studied, evidencing a high selectivity of the sensor
towards Pb(II) and Cu(Il).

2.2. Metal-Containing Polypyrrole

Performances of PPy-based sensors can also be modified using specific counterions.
In this context, polyoxometalates have been used as dopant anions of a polypyrrole film
obtained using electrochemical polymerization of the monomer at a constant potential
(+0.65 V vs. Ag/AgCl) in a solution containing a potassium salt of Fe®*-, Cu?*-, and
Co?*-substituted polyoxometalates as well [63]. The resulting amperometric sensors were
used for detection of H,O,, showing a good stability in the pH range 2-7. Limits of
detection were found in the range between 0.3 and 0.6 uM (depending on the different
polyoxometalate) and a linear range between 0.1 and 2 mM.

Multicomponent composites have often been proposed to improve the analytical
performances of CP-based electrochemical sensors. Usually, the development of such tools
requires at least two steps. However, a one-step synthetic approach was applied to a
multi-component nanocomposite including polypyrrole and gold nanoparticles, generated
using Prussian blue as a catalyst (Figure 7). The nanocomposite was then dropped onto a
glassy carbon electrode to obtain an amperometric sensor for determination of H,O;. The
sensor showed a good linearity in the range 2.5 x 107°~1.2 x 107° M and a detection limit
of 8.3 x 10710 M [64].

HAuCl, +
K;,Fe(CN)(,

O Au nanoparticles (Q Prussian blue Q@ Polypyrrole

Figure 7. Synthesis of the Au/PPy/Prussian blue nanocomposite (reprinted from ref. [64] with the
permission of Elsevier).

A further approach using polypyrrole m (M = Ag, Au) nanoplates was proposed
to electrochemically detect H,O, and dopamine. Polypyrrole nanoplates were obtained
using the chemical oxidation of pyrrole with ammonium peroxydisulfate. Ag- and Au-
nanoparticles were formed by the chemical reduction of silver nitrate and chloroauric
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solutions, respectively. Then, polypyrrole nanoplates were added to the solution. The
resulting composites were dropped on the surface of a glassy carbon electrode. Such an
arrangement allowed us to develop a non-enzymatic polypyrrole-Ag and polypyrrole-Au
sensor for hydrogen peroxide and for dopamine, respectively. Sensing HyO, was shown to
be linear between 0.01 mM and 3.01 mM with a detection limit of 1.8 uM, whereas sensing
dopamine was linear in the range 1 uM-5.201 mM with a detection limit of 0.36 uM [65].

A quite uncommon approach to the biosensing of glucose involves the encapsulation
of glucose oxidase enzyme in a magnetic layer made up of a composite Fe304/poly(pyrrole-
N-propylsulfonic acid) [66]. The enzyme-composite arrangement was immobilized on a
magnetic glassy carbon surface, giving an amperometric biosensor for glucose, tested in
serum samples. The biosensor showed fast response time (4 s), a linear range between
5 x 10~* and 3.5 mM and a detection limit of 0.2 uM. Furthermore, interferences from uric
acid, ascorbic acid, and fructose were investigated, evidencing a high selectivity of the
proposed sensor.

Again, in the context of nanocomposites containing magnetic Fe304 and polypyr-
role, a glucose oxidase biosensor using a metal-organic framework was proposed [67].
The preparation of the biosensor was quite simple but efficient: Fe304 nanoparticles, pre-
pared using hydrothermal method, were suspended in a hydroalcoholic solution where
the chemical polymerization of pyrrole with FeCl; was carried out. Then, the magnetic
Fe;04 /PPy nanocomposite was suspended in a methanol solution containing Zn(NOs3),
and 2-methylimidazole, and the resulting Fe3O4/PPy/MOF was immersed in a glucose
oxidase solution (Figure 8). The GOx-nanocomposite was dropped on a glassy carbon
electrode surface and covered with a Nafion solution. The sensor showed a linear response
in the range 1 uM-2 mM with a detection limit of 0.333 uM. Selectivity was also tested,
showing no interferences from fructose, lactose, and sucrose, as well as ascorbic acid, uric
acid, salicylic acid, and dopamine. Finally, recovery tests on real samples (human serum)
were performed, suggesting a possible application in practical analysis.

Zn2+

Pyrrole Methylimidazole 8, GOx
_— -
Polymerizatio Self-assembly Adsorption
Fe;0, Fe;0,/PPy Fe;0,/PPy@MOFs GOx/Fe;0,/PPy@MOFs

Figure 8. Synthesis of the Fe304/PPy/MOF/GOx nanocomposite (reprinted from ref. [67] with the
permission of Elsevier).

As reported above, quite often, amperometric sensors for molecules of biological
interest do not use a biological recognition element, but substitute it with some synthetic
arrangement like, for instance, metal nanoparticles combined with conducting polymers.
A similar configuration was adopted for a glucose-sensor, where pyrrole was chemically
polymerized on ZnFe,O4 nanoparticles with ammonium persulfate as oxidizing agent. A
glassy carbon electrode surface was modified with the composite [68]. The sensor showed
a high electrocatalytic activity, as suggested by the enhanced value of the anodic current
in the oxidation of glucose compared to an unmodified glassy carbon electrode, or to the
same electrode modified solely with ZnFe,O4 nanoparticles instead of the composite. The
response was linear in the range 0.1-0.8 mM, where the sensitivity was 145.36 pA mM ™!
and the detection limit 0.1 mM.

The analogue nanocomposite containing polypyrrole and CuFe, Oy in a non-enzymatic
sensor for the detection of glucose was proposed by the same Authors [69]. Thanks to the
structural arrangement of the nanoparticles, the sensor showed a high catalytic surface,
allowing us to reach a high sensitivity (637.76 nA mM 1) and low detection limit (0.1 uM)
in a concentration range between 20 uM and 5.6 mM.
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Recently, cashew gum polysaccharide (CGP) has been proposed as a doping agent for
chemically generated polypyrrole films [70]. The electrocatalytic activity of this composite
can be further enhanced with the addiction of magnetite nanoparticles (MN), which are
able to act as a protective agent towards the CP film, improving the stability of the polaron
state. The electrode surface was prepared mixing the PPy(CGP)-MN with carbon paste,
resulting in a highly specific non-enzymatic sensor for H,O5.

In the field of sensors for the detection of tumor markers, an amperometric immunosen-
sor made up of a conductive hydrogel polypyrrole-polythionine-gold particles-GOx has
been reported [71]. The hydrogel was obtained by mixing two solutions containing:
(i) pyrrole and thionine monomers and glucose oxidase, and (ii) ammonium persulfate
and tetrachloroauric acid as co-oxidizing agents. The resulting solution was dropped on a
GCE surface and left to dry. Then, the formation of a Au film was induced by applying a
constant potential of —0.2 V vs. Ag/AgCl to the modified electrode immersed in a HAuCly
solution. Finally, the electrode was dipped in anti-NSE (NSE = neuron specific enolase)
solution that was immobilized with 1% BSA. The current signal at 0.0 V was used to detect
NSE as cancer marker, with a linear range between 100 ng mL~! and 1 pg mL~! and a
detection limit of 0.65 pg mL 1.

In the field of biomarkers of environmental interest, a sensor for the electrochemical
detection of xanthine has been reported, where the most interesting aspect is maybe the
electrode substrate. Indeed, the potentiodynamic polymerization of pyrrole was performed
on a pencil graphite electrode (PGE). The polymer film was functionalized with Ag-doped
Zn0O nanoparticles, and xanthine oxidase was finally immobilized on the modified electrode
(Figure 9) [72]. The presence of the nanoparticles in the polymer structure causes an
increase in the active surface, giving a highly sensitive and selective sensor, with analytical
performances better than the analogous system previously reported.

$ om

’ . Zn0O

* P& Ag 7
@@ XOD PGE

_____ i 3 ¢ i n

S —

PGE

Figure 9. Scheme of the modification of a PGE (reprinted from ref. [72] with the permission
of Elsevier).

Recently, a polypyrrole-based composite has been proposed to overcome poor per-
formances of sensors in detection of pollutants as hydroquinone (HQ). A nanocomposite
consisting of porous silicon (PSi) nanoparticles, commercial polypyrrole-carbon black (PPy-
C), and palladium nanoparticles (NPs) was deposited onto a glassy carbon electrode surface.
The resulting PA@PSi-PPy-C/GCE sensor [73] shows a good electrocatalytic activity to-
wards HQ detection, with high sensitivity, low detection limit, and wide linear range. The
authors suggest that this approach can be applied to the development of electrochemical
sensors for the detection of environmental pollutants.
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Overoxidized PPy (OPPy) has also been employed in conjunction with metal nanopar-
ticles, serving as an efficient immobilization membrane for electrochemical biosensors. The
surface area of OPPy films can be enhanced by combining them with metal NPs, improv-
ing the electron transfer rate and the catalytic activity in the resulting sensors. Usually,
a PPy film is electrogenerated using cyclic voltammetry on an electrode surface. Then,
it is overoxidized by applying a suitable anodic potential. Metal NPs are added before
or after the electrochemical polymerization of pyrrole. In this context, an OPPy-AuNPs
arrangement was used in a glucose amperometric biosensor where AuNPs were deposited
on a OPPy film [74]. The GOx/AuNPs/OPPy/Au glucose sensor showed a low detection
limit (40 uM) and good selectivity.

Composites of OPPy-metal NPs are also used in the field of MIP sensors. In this case,
the electrochemical polymerization of the monomer can be carried out on a metal-NPs layer,
and the molecular imprinting feature is assured by the presence of the target analyte in the
pyrrole solution. The following overoxidation process removes the entrapped template,
giving the final sensor. This approach has been proposed in the development of a sensor
for the detection of a vasodilatory drug (Vardenafil), with a wide linear range and low
detection limit [75].

2.3. Polypyrrole—Carbonaceous-Materials Composites

An effective approach to improve the conductivity features of CPs is achieved by
mixing them with carbonaceous materials like carbon nanotubes or graphene (also as
oxide or reduced oxide). In this context, a tetrafluoborate pyrrole-alkylammonium salt
(Figure 10) was polymerized at a constant potential value in an aqueous dispersion contain-
ing pyrrole-alkylammonium and multi-walled carbon nanotubes (MWCNTs). The obtained
homogeneous dispersion was used as a coating on a platinum electrode. Fe(CN)g>~/4~
was then adsorbed on the modified electrode to give an anion-exchange sensor for the
determination of heparin. DPV experiments allowed us to detect the analyte in a linear
range between 0.1 and 8.0 uM and a detection limit of 0.1 pM [76].

= VCHz———CH3
N—(CH,);;——N CH, CH,
S CH, CH,

Figure 10. Pyrrole-alkylammonium cation cited in ref. [76].

Again, an enzyme-activated chemical polymerization of pyrrole in the presence of
redox mediators of natural origin like acetosyringone, syringaldehyde, or vanillin was
adopted to obtain polypyrrole particles with high electrocatalytic activity [77]. Furthermore,
the presence of chondroitin sulfate as a dopant and template during the polymerization
induces an enhancement of electrical conductivity of the polymer. When the polypyrrole
nanoparticles synthetized in the presence of vanillin and of chondroitin sulfate were used
to modify a carbon nanotube screen-printed electrode (CNT-SPE) for the detection of uric
acid, a sensor with high performances was obtained. In these conditions, a linear range
between 5 and 97 uM was achieved, with a sensitivity of 47 uA mM~!. Furthermore, the
selectivity does not suffer from the presence of ascorbic acid, whereas dopamine interferes
in the determination of uric acid when they both are present in the same concentration.

The use of MWCNTs combined with polypyrrole has been applied to the determination
of specific drugs or of their antagonists in pharmacological studies. In particular, a layer-
by-layer approach was adopted in developing a pyrrole-based sensor for the revealing of
naltrexone, a known medication in the treatment of opioid dependence [78]. Glassy carbon
was used as an electrode surface and properly modified with a thin film of MWCNTs.
Then, pyrrole was polymerized using cyclic voltammetry in an aqueous solution also
containing Nitrazin Yellow as a dopant anion. In comparison with analogue systems using
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inorganic anions as dopants, Nitrazin Yellow is suggested to give long-time stability and
reproducibility in the voltammetric measurement of naltrexone.

Multi-walled carbon nanotubes have also been successfully adopted as an anchoring
surface for chemically synthetized polypyrrole in the non-enzymatic detection of lactic
acid in human sweat [79]. The selectivity of the sensor against neutral and cationic species
results from the p-type nature of the polypyrrole structure. Its analytical behavior was
investigated using chronoamperometry at 0.68 V (vs. Ag/AgCl) as a working potential
in a three-electrode electrochemical cell in a 0.1 M Na,;SO4 aqueous solution. Sensitivity
(2.9 pA mM~! cm~2) and detection limit (51 M) were satisfactory in comparison with
enzyme-based sensors.

A polypyrrole-based molecularly imprinted polymer was combined to reduced graphene
oxide and nickel nanoparticles in the development of a sensor for the determination of myo-
inositol, a cyclic polyalcohol used in the treatment of cardiovascular diseases, Alzheimer’s,
diabetes, and renal pathologies. The MIP was prepared using potentiodynamic polymer-
ization of pyrrole in a solution also containing myo-inositol on a glassy carbon electrode
previously modified using the electrodeposition of reduced graphene oxide and nickel
nanoparticles [80]. The MIP sensor was investigated using differential pulse voltammetry,
showing a linear response between 1.0 x 1071% and 1.0 x 10~® mol L~! myo-inositol concen-
tration, a detection limit of 7.6 x 10711 mol L™, and a sensitivity of 4.5 pA em ™2 pmol 1.
A good selectivity was evidenced in presence of L-arabitol, D-mannitol, erythritol, and
glucose. The sensor was successfully tested in real samples (sugarcane vinasse) without
pre-treatment.

A further improvement in the electron transfer process can be achieved using MWC-
NTs and overoxidized polypyrrole (instead of polypyrrole itself). Quite usually, carbon
nanotubes are deposited on an electrode surface as a first layer where the polymerization
of pyrrole is performed. Afterwards, the polypyrrole film is overoxidized and, if that is the
case, further modified to give the final sensor. This approach was used by Yu et al. [81], who
proposed an OPPy-CuO/MWCNTs composite in a non-enzymatic amperometric sensor
for glucose, with good performances in linear range (2.0 x 1077-2.0 x 103 mol L~!) and
detection limit (50 nM).

Overoxidized polypyrrole was also used with a MIP configuration in the detection of
sulfamethoxazole (SMX) [82]. A layer of MWCNTs on a graphite electrode surface was the
substrate selected to increase the effective surface area of the electrode. The electrochemical
synthesis of OPPy was carried out in a single step in a cell containing SMX. The target
analyte was finally removed by cycling the potential between 0.2 and 1.3 V (vs. Ag/AgCl).
Low detection limit (413 nM) and wide linear range (1.99-10.88 uM) were achieved by
DPYV analysis.

Also, electrochemical-reduced graphene oxide (ERGO) was adopted as a conduct-
ing surface for the electropolymerization of polypyrrole, followed by electrochemical
overoxidation. The resulting OPPy/ERGO/GCE amperometric sensor was applied to the
determination of dopamine, with a wide linear range (0.4-517 mM) and a low detection
limit (0.2 uM) [83].

As evidenced in Table 1, different options containing polypyrrole as electrode-modifying
materials in the development of amperometric sensors are possible, the use of overoxi-
dized polypyrrole films included. The analytes of main interest are HyO, and glucose.
However, analytes of specific biomedical and environmental relevance are investigated in
this context.
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Table 1. Polypyrrole-based amperometric sensors.
Analyte .
Sensor Composition Detected/ Electroc_hemlcal Linear Range LoD Sensitivity Ref.
. Technique
Application
OPPy/Pt H,0, CA (RDE) 700 nA uM~! em—2 [41]
OPPy(SDM-MIP)/Au Sulfadimethoxine CA 0.15-3.7 mM 70 uM [45]
Hb/MS-PPy/GCE H,0, CA 0.01-1.2 mM 0.01 mM - [46]
ChOx/PEO-co-PPy /Pt 13.32 pA mM~! em—2
ChOx/CP-co-PPy /Pt cholesterol CA 11.87 pA mM~! cm~2 [47]
R 5 2k glucose 0.6 mA mol~! L em—2
GOx-biotinylated /PPy-NTA-Cu“* /Pt cntechol CA 656 mA mol—! L em—2 [48]
GOx/Py/Py-CO,H/Py-Fc/GCE glucose CA 1.0-4.0 mM 6.9 uM 1.796 pA mM~! cm—2 [49]
GOx/P(Py-EcPy)/ITO glucose CA up to 16.8 mM 0.17 mM 19.21 pA mM1! [50]
GOx/GCE/PPy glucose CA [51]
-1
Asp. Niger/PPy/GCE glucose CA 0.01-0.05 mM 0.005 mM 2725:&1&%}? mM [52]
GOx/Py-PAMAM/MPA-Au glucose CA 0.5-5.5 mM 3.4-9.6 yM 10-16 pA mM ! [53]
PPy-PNP-XOD-Fe(CN)g*~ phosphate CA 0.1-1 mM 10 uM [54]
PPy /banana pulp/graphite disk salicylic acid DPV 1x107-1 x 1074 M 89 x 1078 M [55]
PPy-SDS/Pt urea CA 80-1440 uM 40 uM 1.11 pA pM~1 em—2 [56]
Organophosphate and
AChE/PPy/Pt organocarbamate CA 1.1 ppb (organophosphate) [57]
. 0.12 ppb (organocarbamate)
pesticides
AChE/AuNPs/PPy-rGO/GCE organophosphorus CA 1.0 nM-5 uM 0.5 nM [58]
pesticides
-1
P(MB-co-Py)/Au dissolved O, CA 15-285 pA 1.47 uM 256.335;1}2mM [59]
ADA-CMC-GLI/B-CD/P(Py-
propanoic celiac disease CA 0-10 pg mL~! 33 ng mL~! 0.45 pA mL pg ! [60]
acid)/SPE
His-tagged- 0.15 fM (phosphate buffer)
aptamer/ANTA /Cu®* /PEG/PPy/Au prostate cancer SWV 1.4 fM (human plasma) [61]
Pb(II) 0.02-600 uM 0.0029 uM
PA/PPy/MOF/GCE Cu(Il) bPV 0.2-600 uM 0.0148 uM [621]
POMs-PPy/GCE (M = Cu?*, Fe3*) H,0, CA 0.1-2 mM 0.3 uM (Cu?*), 0.06 uM (Fe3*) [63]
Au-PPy/PB/GCE H,0, DPV 25 x1079-1.2 x 107 M 83 x1071'M [64]
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Table 1. Cont.

Analyte Electrochemical
Sensor Composition Detected/ Techni Linear Range LoD Sensitivity Ref.
. . echnique
Application

PPyNPT-Ag/GCE H,0, CA 0.01-3.01 mM 1.8 uM [65]

PPyNPT-Au/GCE dopamine 1 uM-5.201 mM 0.36 uM

GOx/Fe304/poly(pyrrole-N-
propylsulfonic glucose CA 0.0005-3.5 mM 0.2 uM [66]
acid)/MGCE
GOx/Fe304/PPy/MOF/GCE glucose CA 1 uM-2 mM 0.333 uM [67]
ZnFe;O, /PPy /GCE glucose CA 0.1-0.8 mM 0.1 mM 145.36 uA mM ! [68]
CuFe;O4/PPy/GCE glucose CA 20 uM-5.6 mM 0.1 uM 637.76 nA mM~1 [69]
PPy(CGP)-MN/GCE H,0, CA 0.1-0.9 mmol L1 0.072 mmol L1 0.28 pmol L1 [70]
.. tumor marker
NSE/ (icl)l;gf}'-cl’é}gonme' (neuron-sI;IeSC}iEf)iC enolase, CA 1 pg mL~1-100 ng mL~! 0.65 pg mL~! [71]
XOD/Ag-ZnO/PPy/PGE xanthine CA 0.06-0.6 uM 0.07 uM 0.03 uA mM~! [72]
Pd@PSi-PPy-C/GCE hydroquinone CA 1-450 uM 0.074 uM 3.0156 pA uM~ ! em—2 [73]
GOx/AuNPs/OPPy/Au glucose CA 0-2.6 mM 40 uM 8.09 pA/mM [74]
OPPy-MIP/PtNPs/Pt Vardenafil DPV 1x10712-5 x 1078 M 02 x 10712 M [75]
Fe(CN)s>~/4~ /polyA,-MWCNTs /Pt heparin DPV 0.1-0.8 uM 0.1 uM - [76]
PPy/CNT L _

(PPy: enzyme—r};ediated synthesis) uric acid CA 597 uM 47 uA mM~! [77]
PPy-NY/MWCNT/GCE naltrexone LSV 4.0 x 1078-1 x 107  mol L1 12 nmol L1 [78]
MWCNTs/PPy lactic acid CA 51 uM 2.9 uAmM~! em—2 [79]
PPy-MIP/NiNPs/rGO/GCE myo-inositol DPV 1x 107191 x 1078 mol L ™! 7.6 x 10711 mol L1 4.5 pA cm~2 pmol ! [80]
CuO/OPPy/MWCNTs/CCE glucose CA 0.20 uM-2.0 mM 50 nM 3922.6 pA mM~! em—2 [81]
OPPy(SMX-MIP)/MWCNT/GCE sulfamethoxazole DPV 1.99-10.88 uM 413 nM [82]

. CA 0.4-517 uM 0.2 pM
OPPy/ERGO/GCE dopamine g 50160 ﬁM 05 ﬁM [83]

AChE = acetylcholinesterase; ADA = adamantane carboxylic acid; ANTA = N-(5-Amino-1-carboxypentyl)iminodiacetic acid; CA = chronoamperometry; CCE = carbon ceramic
electrode; CMC = carboxymethylcellulose; DPV = differential pulse voltammetry; GCE = glassy carbon electrode; GLI = gliadine; GOx = glucose oxidase; Hb = hemoglobin;
ITO = indium-tin oxide; MB = methylene blue; MGCE = magnetic glassy carbon electrode; MIP = molecularly imprinted polymer; MN = magnetite nanoparticles;
MPA = 3-mercaptopropionic acid; MS = mesoporous silica; MWCNTs = multi-walled carbon nanotubes; NPT = nanoplates; NSE = neuron specific enolase; NTA = nitriloacetic acid; NY
= nitrazin yellow; OPPy = overoxidized polypyrrole; PA = phytic acid; PB = prussian blue; PEO-co-PPy and CP-co-PPy = thiophene capped poly(ethyleneoxide)/polypyrrole
and 3-methylthienyl methacrylate-co-p-vinyl benzyloxy poly(ethyleneoxide)/polypyrrole; PGE = pencil graphite electrode; PNP = purine nucleoside phosphorylase;
polyA, = poly(pyrrole-alkylammonium); POMs = polyoxometalates; Py-CO,H = 3-(1H-pyrrol-1-yl)propanoic acid; Py-PAMAM = amidoamine-pyrrole dendrimers;
RDE = rotating disk electrode; rGO = reduced graphene oxide; SDS = sodium dodecylsulphate; SPE = screen-printed electrode; XOD = xanthine oxidase. Analytical parame-
ters are reported as in the original scientific papers.
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3. Thiophene

The synthetic flexibility of thiophene derivatives is often exploited in developing
technological devices, allowing us to design new species according to specific requirements.
The synthetic functionalization of the thiophene ring leads to fascinating structures suitable
to act as an efficient modifying agent for electrode surfaces, as well as an immobilizing
agent for specific components of a sensor, such as a biological component. As in the case
of PPy-based amperometric sensors, thiophene species are often doped with different
materials (metal particles, graphene, and carbon nanotubes) to enhance their conductivity
or their analytical features (sensitivity, detection limit, linear range, and lifetime).

Papers cited in this review in the context of PTh-based amperometric sensors are
reported in summary in Table 2.

3.1. Unmodified Thiophene, Ring Functionalization, and Copolymer Materials

Poly(thiophene-boronic acid) was applied to a GOx-biosensor for the determination
of glucose. The specific arrangement of this sensor includes: (i) the obtainment of the
conducting polymer film using electrochemical copolymerization on a glassy carbon elec-
trode from thiophene and its 3-boronic acid derivative (PTBA); (ii) the functionalization of
the polymer film with the redox cofactor flavin adenine dinucleotide (FAD); and (iii) the
immobilization of GOx on the modified electrode surface through the FAD-link (Figure 11).
Authors evidence that such an arrangement allows for a highly efficient reconstitution of
the apo-GOx, enhancing the electrocatalytic activity of the enzyme, then leading to excellent
performances from the biosensor [84].
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Figure 11. Preparation of the GC/PTBA /FAD/apo-GOx sensor (reprinted from ref. [84] with the
permission of Elsevier).

Unsubstituted and 4,4’-substituted bithiophenes have been also proposed in the de-
velopment of GOx-biosensors. The monomers 2,2’-bithiophene and 4,4’-bis(2-methyl-3-
butyn-2-ol)-2,2’-bithiophene (Figure 12) were polymerized on a platinum disk electrode
by applying a proper potential during a time interval suitable to obtain a film with an
adequate thickness. The modified electrodes were then applied to the detection of glucose
in aqueous solutions and in real samples. The analytical results evidenced the role of the
tridimensional structure of polymer films in the effectiveness of biosensors [18].
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Table 2. Polythiophene-based amperometric sensors.

Analyte Electrochemical
Sensor Composition Detected/ . Linear Range LoD Sensitivity Ref.
.. Technique
Application
Apo-GOx/FAD/PTBA/GCE glucose CA 0.5-18 mM 214 yA mM ! [84]
GOx/2,2'-BT /Pt | CA 0.09-5.20 mM 30 uM [18]
GOx/4,4'-bBT /Pt grucose 0.15-5.20 mM 50 uM
Tyr/poly-4,4-bBT /GCE epinephrine Drv 1-20 uM; 30-200 uM 0.18 nM 0.0011 pA mM~! ecm—2 [20]
PPA /p(SNS-NH;)/GOx/ graphite disk glucose CA 0.01-0.9 mM 1.3 uM 237.1 pAmM~! em—2 [85]
GOx/p(SNS-NH;-co-SNS-NH-Fc) glucose CA 0.5-5.0 mM 0.18 mM 0.908 nA mM 1 [86]
LAC/p-3MeTh/GCE catechol DPV 8x1078-14x105M 1x 1078 M [87]
PyOx/poly(BSeTT)/Au glucose CA 0.02-0.5 mM 3.3 x 1074 nM 6.4nA mM~! cm~? [88]
GOx/poly(BTP)/graphite rod glucose CA 0.034-1.0 mM 0.034 mM 9.43 pA mM~! cm ™2 [89]
PTh/TiO, /FTO L-cysteine CA 0.06-0.5 mM 12.6 uM [90]
GOx/pTBA/AuNi/SPCE glucose CA 1.0 uM-30.0 mM 0.29 uM 1.3023 pA mM ! [91]
AOx/p(TBeSe-co-P3CA)/graphite ethanol CA 0.085-1.7 mM 0.052 mM 16.44 pA/mM cm? [92]
(LDH/NAD")-pTTABA /DPC/GCE lactate CA 0.5 uM—-4.0 mM 112 nM 0.02 pA mL/puM [93]
Anti-CAT/CdS/Den/PTTCA- . 1 1
AuNPs/GCE chloramphenicol CA 50-950 pg mL 45 pg mL [94]
Hyd-MWCNT(AuNP)-Ab2/Anti- . 1 1
Neo/pDPB/AuNPs/GCE neomycin CA 10-250 ng mL 6.76 ng mL [95]
—9_ -5
PANPs/PTAA/GCE hydrazine CA fn%IX/Llo 1010 2,67 x 10~ mol/L [96]
APBA/pTTBA/AuNPs/SPCE glycated hemoglobin CA 0.1-1.5% 0.052% [97]
) . butyryl thiocholine g 10 1.2
BChE-AgNWs/pTTBO/graphite iodide/paraoxon CA 0.5-8 uM; 10-120 uM 0.212 uM 8.076 pA uM ™" cm [98]
. Epithelial metastatic
CapAnti/AuNPs-pTTBA /GCE cancer cells (Ep-MCCs) 45-100,000 Ep-MCCs/mL 28 Ep-MCCs/mL [99]
Anti-HIF1a/ AuNPs-pTTBA /GCE Cancer cells CA 25-350 pM/mL 5.35 pM/mL 0.014 + 0.004 uA mL prl [100]
AChE/AuNPs-pTTBA /SPCE Leukemic T-cells CA 0.7 nM-1500 uM 0.6 nM [101]
PI/pAPT/AuNPs/SPE Neuromuscolar agent CA 0.025-10 pg/mL 3.83 ng/mL [102]
PTh-CuO/GCE H,0, CA 0.02-3.3 mM 3.86 uM 44225 uyA mM~—1 em—2 [103]
- 3.70 x 1078 A pmol ! dm3
_ 6/1—
-3 -7 -1 313
Tyr/pRuTt/GCE DPV 3.7-250 x 10-6 mol dm-3 2.45 pmol dm 1.93 x 1077 A pmol ™" dm

cm™2
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Table 2. Cont.

Analyte Electrochemical

Sensor Composition Detected/ . Linear Range LoD Sensitivity Ref.
. Technique

Application
GOx/PThs-MWCNT/GCE glucose CA 0.5-5.0 mM 5.0 uM 11.1 pA pM ! [104]
GOx/PBIBA/MWCNT/ graphite rod glucose CA 0.01-2.0 mM 9.0 uM [105]
APBA-MWCNT-Hyd/anti-P- Permeability 1 -1
¢p/pTTBA/ AuNPs/GCE glycoprotein (P-gp) CA 50-100,000 cells mL 23 cells mL [106]
GOx/GrO/poly(dTT-bT) glucose CA 0.2-10 mM 0.036 mM 94 A mM~! ecm—2 [21]

APBA = aminopheny! boronic acid; AOx = alcohol oxidase; APT = 3'-(2-aminopyrimidyl)-2,2:5’,2"-terthiophene; BChE = butyrylcholinesterase enzyme; BIBA = 4-(4,7-di(thiophen-
2-yl)-1H-benzo[d]imidazol-2-yl)benzaldehyde; BSeTT = 4,7-bis(thieno[3,2-b]thiophen-2-yl)benzo[c][1,2,5]selenadiazole; 2,2’-BT = 2,2'-bithiophene; 4,4'-bBT = 4,4’-bis(2-methyl-3-
butyn-2-0l)-2,2"-bithiophene; BTP = 5-amino-N!,N3-bis(2,5-di(thiophen-2-y1)-1H-pyrrol-1-yl)isophthalamide; CapAnti = capture antibody; CAT = chloramphenicol acetyl transferase;
DPB = 2,5-di-(2-thienyl)-1H-pyrrole-1-(p-benzoic acid); dTT-bT = 2,5-di(2-thienyl)thieno[3,2-b]thiophene; FAD = flavin adenine dinucleotide; FTO = fluorine-tin oxide; Hyd = hydrazine;
LAC = laccase; LDH = L-lactate dehydrogenase; 3-MeTh = 3-methyl-thiophene; P3CA = 1H-pyrrole-3-carboxylic acid; PI = phosphatidylinositol lipid; PPA = polyphosphazene;
PyOx = pyranose oxidase; RuTt = [(TAT)Ru(TpyCOOH)][PFs]> (TAT = 4’-[(2,2":5' 2" -terthien-3'-ethynyl]-2,2":6’ 2" -terpyridine); SNS-NH, = 4-(2,5-di(thiophen-2-yl)-1H-pyrrol-
1-yl)benzenamine; TAA = thiophene-3-acetic-acid; TBA = thiophene-3-boronic acid; TBeSe = 4,7-di(thiophen-2-yl)benzo[c][1,2,5]selenadiazole; TTABA = 3-(((2,2":5',2"-
terthiophen)-3-yl)-5-aminobenzoic acid; TTBA = 2,2":5,5"-terthiophene-3'-p-benzoic acid; TTBO = 5,6-bis(octyloxy)-4,7-di(thieno[3][3,2-b]thiophen-2-yl)benzo[c][1,2,5]oxoadiazole);
TTCA = 5,2":5',2"-terthiophene-3'-carboxyl acid. Analytical parameters are reported as in the original scientific papers.



Chemosensors 2024, 12, 81

18 of 41

Figure 12. 2,2/-Bithiophene (2,2'-BT) and 4,4'-bis(2-methyl-3-butyn-2-ol)-2,2’-bithiophene (4,4'-bBT)
(reproduced from ref. [18] under the Creative Commons Attribution License).

The same 4,4’-bithiophene derivative was tested in the amperometric detection of
epinephrine [20]. Tyrosinase was immobilized onto the polymer film using glutaraldehyde
as a cross-linker. The efficiency of the charge transfer process, as well as the effective
immobilization of the enzyme, are attributed to the presence of an -ethynyl linker in the
bithiophene structure. Detection of the analyte using differential pulse voltammetry was
characterized by a wide linear range (1-20 uM and 30-200 uM) and a low detection limit
(0.18 nM).

Again in the field of glucose biosensors, a thiophene-based monomer (4-(2,5-di(thiophen-
2-yl)-1H-pyrrol-1-yl)benzenamine, SNS-NH,, Figure 13) was polymerized using cyclic
voltammetry and used as an immobilizing agent for GOx on a graphite electrode. Then, a
phosphate buffer aqueous solution containing a poly(phosphazene) derivative (obtained
through a classical synthetic route), GOx, and glutaraldehyde as cross-linking agents were
dripped on the CP film. The high flexibility of poly(phosphazene), and the interaction
between its -CHO groups and the -NH; functionalities of the CP, allowed us to enhance
the efficiency of immobilization of the enzyme and the stability of the whole system, thus
improving the analytical performances of the biosensor. The behavior towards interferences
(ascorbic acid, cholesterol, and urea) was also tested, showing a high selectivity level [85].

Figure 13. (4-(2,5-di(thiophen-2-yl)-1H-pyrrol-1-yl)benzenamine, SNS-NH, (reproduced from J.
Electroanal. Chem. 2008, 612, 247-256 with the permission of Elsevier).

The same monomer (SNS-NH;) used in a copolymer with its ferrocene-functionalized
form (SNS-NH-Fc) was proposed (Figure 14) in GOx-based biosensors again. This arrange-
ment has some advantages. In fact, the immobilization of the enzyme is performed through
covalent bindings with terminal amino-groups of the polymer. Moreover, no external redox
mediator is required thanks to the presence of ferrocene units along the structure of the
polymer film [86].
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Figure 14. Thiophene-pyrrolyl monomer and its ferrocenyl-derivative (reproduced from ref. [86]
under the Creative Commons Attribution License).
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Determination of polyphenols is another topic widely investigated through biosensors
using laccase enzyme. A quite simple modification of a glassy carbon electrode with an
electro-generated poly(3-methylthiophene) film allowed us to determine catechol using
differential pulse voltammetry with analytical performances comparable to or better than
the analogue biosensor reported in the literature until that moment. In particular, the
lifetime of this sensor was particularly high (60 days) with 83% of its activity. The efficient
behavior can be ascribed to the polymerization approach, where the CP film is obtained in
a propylene carbonate solution containing laccase, allowing for an optimal immobilization
of the enzyme [87].

Pyranose oxidase has been proposed in a biosensor for detection of glucose, showing
high stability and high affinity towards glucose compared to glucose oxidase. The film was
obtained on a gold electrode using potentiodynamic polymerization of 4,7-bis(thieno[3,2-
b]thiophen-2-yl)benzo[c][1,2,5] selenadiazole (Figure 15). The enzyme was then immo-
bilized through physical absorption with glutaraldehyde. The CP film has proved to be
efficient in immobilizing pyranose oxidase, allowing us to reach LoD and sensitivity values
comparable to analogous systems containing the more frequently used glucose oxidase [88].
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Figure 15. 4,7-bis(thieno[3,2-b]thiophen-2-yl)benzo[c][1,2,5] selenadiazole (reproduced from ref. [88]
with the permission of Elsevier).

As in ref. [85], the thiophene ring can also be included in combined symmetrical
structures containing pyrrole rings as well. This is the case reported by Ak and cowork-
ers [89], where two dithiophene-pyrrole frameworks were symmetrically linked through
an isophthalamide unit functionalized with two amide groups. The resulting monomer
(BTP) was polymerized on a graphite electrode surface using cyclic voltammetry in 0.1 M
LiClO4-MeCN solvent system, then a glucose oxidase aqueous solution was dropped on the
poly(BTP) film and immobilized by using glutaraldehyde. The performances of this biosen-
sor are ascribed to the high planarity of the poly(BTP) structure, arising from interchain
interactions through hydrogen bonds between -N-H groups. The poly(BTP)/GOx enzyme
sensor shows a limit of detection of 0.034 mM and a sensitivity of 9.43 pA mM~! cm~2 and,
most of all, a stability of the response longer than 6 weeks.

An interesting example has been proposed for the photoelectrochemical determination
of L-cysteine by using TiO, /polythiophene. The composite was obtained using a classical
synthetic route and casted onto a FTO (fluorine-tin oxide) substrate as an ultrathin (1 nm)
layer. This quite simple arrangement appears to guarantee, at the same time, an efficient
behavior both in conductivity and in light absorption, allowing us to reach 12.6 uM LoD in
amperometric detection, with a linear range over a magnitude order (0.06-0.5 mM) [90].

Nano-metal alloys are also used instead of a single metal, as in the case of enzymatic
and non-enzymatic glucose sensors recently reported. A Au-Ni dendrite layer was electro-
chemically formed on a screen-printed carbon electrode, 2,2":5',2’-terthiophene-3’-benzoic
acid was polymerized on it using cyclic voltammetry, and GOx was immobilized with
EDC/NHS. LoD 0.29 uM was achieved, and application to human blood samples are
reported and compared with commercially available devices [91].

A thiophene-based structure incorporating a Se-derivative has been electrochemically
copolymerized with pyrrole-3-carboxylic acid (Figure 16) to immobilize alcohol oxidase.
The covalent linkage between the carboxylic groups of the copolymer and the amino groups
of the enzyme assures an efficient anchoring of alcohol oxidase and, as a consequence, a
satisfactory reliability of the biosensor [92].
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Figure 16. Scheme of the electrochemical co-polymerization of the monomers TBeSe and P3CA
(reproduced from ref. [92] with permission of Elsevier).

Carboxylic and amino substituents on a terthiophene skeleton (Figure 17) were also
used in anchoring NAD* and lactate dehydrogenase, respectively. The detection of lactate
was used as a marker for the presence of specific cancer cell lines (MCE-7) [93].

Figure 17. Chemical structure of 3-(((2,2":5',2""-terthiophen)-3’-yl)-5-aminobenzoic acid.

3.2. Metal-Containing-Polythiophene

As seen above, the insertion of a carboxylic function on the heteroatomic ring is a
useful approach to the functionalization of thiophene-based frameworks. In this context,
a poly(terthiophene-3'-carboxylic acid) (PTTCA) was doped with CdS nanoparticles in
an immunosensor for the amperometric detection of chloramphenicol. The sensor was
prepared with a step-by-step electrochemical procedure on a glassy carbon electrode.
The electrode surface was first modified using the potentiodynamic deposition of gold
nanoparticles from a HAuCly solution in 0.5 M H>SO,. The Au-functionalized electrode was
then covered with a conducting film of PTTCA obtained using cycling voltammetry [94].
The modification of the electrode was completed using a second layer of gold nanoparticles
and a layer of CdS nanoparticles, and the immobilization of anti-chloramphenicol acetyl
transferase (anti-CAT) (Figure 18). The sensor was tested in chloramphenicol detection,
showing a wide linear range between 50-950 pg/mL, low detection limit (45 pg/mL), low
interferences from other similar antibiotics, and a long-term stability.
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Figure 18. Scheme of the preparation of the AuNPs/PTTCA /CdS-based immunosensor (reprinted
from ref. [94] with the permission of Elsevier).
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Again in the field of immunosensors, poly-[2,5-di-(2-thienyl)-1H-pyrrole-1-(p-benzoic
acid)] (pDPB, Figure 19) was used in a biosensor for neomycin [95]. A glassy carbon
electrode was modified using a linear sweep deposition of gold nanoparticles. Then, DPB
was polymerized using cyclic voltammetry, and the film was activated with EDC/NHS.
Monoclonal anti-neomycin was immobilized as primary antibody, and the sandwich-type
immunosensor was completed with a secondary antibody anchored to a MWCNT-AuNPs
system connected to hydrazine, working analogously to a specific enzyme. Hydrazine
catalyzes a reduction in hydrogen peroxide (target species for the presence of neomycin),
and the effective immobilization achieved through the CP allowed us to reach an LoD
value comparable with the literature data.
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Figure 19. Monomer unit of poly[2,5-di-(2-thienyl)-1H-pyrrole-1-(p-benzoic acid)] (reproduced from
ref. [95] with the permission of Elsevier).

Doping polythiophenes with metal nanoparticles has proved to be efficient in determi-
nation of pollutants in environmental systems. Poly(thiophene-3-acetic-acid) was doped
with Pd nanoparticles to modify a glassy carbon electrode, which was hence used in the de-
termination of hydrazine. Poly(thiophene) and Pd were deposited on the electrode surface
through two separate electrochemical steps, in potentiostatic conditions, in an acetonitrile
and aqueous H,SOy solution, respectively. The electrocatalytic activity of the metal-CP
composite, due to a large effective surface area resulting from the porous structure, led to a
quite simple amperometric sensor for hydrazine with satisfactory analytic performances:
linearity ranging over more than three magnitude orders (8.0 x 1079-1.0 x 107> mol/L)
and a detection limit of 2.67 x 10~ mol/L, and satisfactory values for reproducibility, long
term stability, and selectivity [96].

In medical applications, CPs have a significant role due to their flexibility, especially
interesting when applied to in vivo measurements. In particular, analysis of components in
the human blood allows us to monitor some pathologies such as diabetes. In this context,
determination of glycated hemoglobin is usually performed using different methods (es-
pecially chromatographic methods), all requiring pre-treatment of the blood sample and
expensive and time-consuming analysis. Hence, the development of alternative devices
is one of the more frequently investigated research topics. A poly(terthiophene benzoic
acid) film was doped with gold nanoparticles on a screen-printed carbon electrode. A
composite film was grown in a two-step procedure, including linear sweep voltammetry
for gold nanoparticles” deposition and cyclic voltammetry for terthiophene polymerization.
The functionalization of the film with aminophenyl boronic acid (Figure 20) allows for an
efficient detection of glycated hemoglobin as a marker for the diagnosis of diabetes [97].
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Figure 20. Structure of the SPCE/AuNPs/poly(terthiophene)/boronic acid (reprinted from ref. [97]
with the permission of the American Chemical Society).

Silver nanowires (NWs) were used as a doping agent for a conducting polymer
based on a thieno-thiophene derivative (Figure 21) in the determination of paraoxon, a
common organophosphorus pesticide. The selective component of the biosensor was
butyrylcholinesterase enzyme (BChE), cross-linked on the sensor surface with glutaralde-
hyde. The effectiveness of the enzyme immobilization is ascribable to the presence of alkyl
chains on the CP skeleton, which are able to interact with the hydrophobic component of
the enzyme. In addition, AgNWs immobilized on the polymer film surface increase the
effective sensor area, making the electron transfer easier. Consequently, a highly stable
amperometric biosensor was obtained, with a LoD of 0.212 uM [98].
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Figure 21. Chemical structure of 5,6-bis(octyloxy)-4,7-di(thieno[3][3,2-b]thiophen-2-yl)benzo[c][1,2,5]
oxoadiazole), TTBO (reproduced from ref. [98] with the permission of Elsevier).

CP-based amperometric biosensors in cancer diseases are also reported. In this context,
biocompatibility is a highly desirable feature, and monoclonal antibodies are often used as
a receptor. An example was proposed using a composite made up of gold nanoparticles
and poly(terthiophene-3'-benzoic acid) formed on a glassy carbon electrode. -COOH
groups were activated, as usual, with EDC and NHS. Then, the monoclonal antibody was
immobilized. Tests were performed in biological fluids, showing the ability of the proposed
biosensor to detect metastatic cells in the early stages [99-101].

The ability of metal nanoparticles to enhance the electron transfer rate can also be
used in the detection of neurotransmitters. For instance, a biosensor for Rocuronium (a
neuromuscular blocker used in surgery) was developed using gold nanoparticles as a
doping agent in the electrochemical polymerization of 3'-(2-aminopyrimidyl)-2,2":5',2" -
terthiophene. Then, phosphatidylinositol lipid was immobilized through the interactions
of amino functional groups of the CP with the activated hydroxyl groups of the lipid. Next,
porous carbon was added to the NPs/CP/lipid arrangement to increase the surface area
of the sensor, and finally, Nafion was drop-coated as protection against interferences. The
detection limit in the order of a few ppb was achieved [102].

Nanocomposites containing metal oxides and conducting polymers have been success-
fully used in non-enzymatic amperometric sensors, thus avoiding the well-known troubles
connected to an efficient and long-term immobilization of the enzyme onto the electrode
surface. For this purpose, CP can be obtained using electrochemical or chemical synthesis
in a solution containing the metal oxide (or its precursor). The (obvious) advantage of the
electrochemical approach is the modification of the electrode surface at the same time of
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the conducting film growth. However, chemically synthetized CP-metal-oxide composites
have been effectively immobilized on an electrode surface using drop-coating. This last
approach was recently adopted by Rashed et al. [103], who used a suspension of CuO
nanopowder mixed with a chemically synthetized polythiophene as a modifying agent
of a glassy carbon electrode for selective detection of HyO,. High catalytic activity due to
the metal oxide nanoparticles results in very good analytical performances of the sensor
referring to sensitivity (442.25 pA mM~! ecm~2), linear range (0.02-3.3 mM), and detection
limit (3.86 uM).

Metal-containing CPs where the metal center is included in the monomer structure
through a coordinating substituent have been tested in the development of amperometric
sensors. From a general point of view, combining the conjugate structure of a conducting
polymer with a metal center usually makes the charge transfer more efficient, with positive
effects on the analytical performances of the sensor. In this context, a terthiophene fragment
has been properly functionalized with a terpyridine substituent able to coordinate Ru(Il) as
a metal center. The coordination sphere of the metal center was completed using a further
terpyridine ligand bearing a -COOH substituent on every pyridine ring [16]. The resulting
Ru(II)-complex was polymerized on a glassy carbon or gold electrode surface. Then, the
selected enzyme (tyrosinase) was anchored to the polymer film using glutaraldehyde as
coupling agent. The obtained biosensors were tested towards the detection of epinephrine,
showing satisfactory analytical performances (limit of detection, linear range, sensitivity,
and selectivity).

3.3. Polythiophene-Carbonaceous Materials Composites

Combinations of poly(thiophene) derivatives with carbon nanotubes were adopted in
amperometric devices using enzymes to detect different analytes. Often, a such arrange-
ment allows us to obtain a water-soluble system able to mix with a proper enzyme, giving
a homogeneous solution that can be dropped on an electrode surface. This approach was
applied in biosensors for glucose, where an adequate tuning of the nanotubes’ concentra-
tion resulted in a high surface area, then leading to an enhanced selectivity. Two different
3-substitued thiophenes were selected as starting materials, evidencing that a proper choice
in the conducting polymer allowed us to reduce specific interferences in real samples [104].

The use of GOx as a recognition unit is without any doubt one of the most common
examples of enzyme-based biosensors. The main differences among the various studies
reported in recent years concern the arrangement of the matrix where the enzyme is
located, and which acts as an immobilizing agent for the enzyme. In this context, carbon
nanotubes were often used to enhance the electroactivity of the conducting polymer films.
This is the case of a thiophene derivative (4-(4,7-di(thiophen-2-yl)-1H-benzo[d]imidazol-
2-yl)benzaldehyde, BIBA, Figure 22) containing in its structure an aldehyde functional
group that guarantees an efficient immobilization of glucose oxidase on the polymer film
through covalent binding. The arrangement of the biosensor occurs in different steps:
(i) modification of a graphite rod electrode with MWCNT nanofibers; (ii) polymerization
of the thiophene monomer on the MWCNT surface using cyclic voltammetry; and (iii)
immobilization of the enzyme with the further help of glutaraldehyde [105].
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Figure 22. 4-(4,7-di(thiophen-2-yl)-1H-benzo[d]imidazol-2-yl)benzaldehyde, BIBA (reproduced from
ref. [105] with the permission of the American Chemical Society).
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Biosensors are also used in medical applications, for instance, in the detection of
specific cells of interest in cancer therapy. This is the case of an amperometric sensor aiming
to sense a so-called permeability glycoprotein as a marker of cancer cells resistant to several
chemotherapic drugs [106]. The fabrication of the biosensor was performed in different
steps on a glassy carbon electrode surface. In a first step, the electrode surface was modified
using the potentiostatic deposition of gold nanoparticles. Then, a conducting polymer
film was formed using the electrochemical polymerization of a terthiophene-3'-benzoic
acid. The -COOH groups were properly activated with the classical EDC/NHS approach,
allowing for the immobilization of the glycoprotein through covalent bonding, with the
final help of BSA to stabilize the device. The modified electrode was then incubated with
MDR (multidrug-resistance) cancer cells, and finally with a dispersion of a composite
containing amino-phenylboronic acid (APBA), MWCNT, and hydrazine sulphate. The
sensor showed higher selectivity than classical immunosensors, with a great interest in
miniaturized systems.

A quite simple and efficient GOx-based amperometric biosensor was developed using
a thiophene commercial substrate (2,5-di(2-thienyl)thieno[3,2-b]thiophene, Figure 23) [21].
The film obtained using potentiostatic polymerization on a glassy carbon electrode was
modified by dropping a methanol suspension of graphene oxide on it, and GOx was finally
immobilized through a carbodiimide reagent (CMC). The resulting biosensor proved
to be suitable for the determination of glucose in beverages, showing a linear dynamic
range in the range of 0.2-10 mM, a detection limit of 0.036 mM, and a sensitivity of
9.4 uAmM~ ! em™2.

Figure 23. Chemical structure of 2,5-di(2-thienyl)thieno[3,2-b]thiophene (dTT-bT) (reproduced from
ref. [21] under Creative Commons Attribution License).

4. 3,4-Ethylene-Dioxythiophene (EDOT)

One of the most common conducting polymers used as a modifying agent for electrode
surfaces in amperometric sensors is poly(3,4-ethylene-dioxythiophene), or PEDOT. The
interest towards PEDOT arises from its high stability, as well as its ability to promote
high-speed electron transfer processes, resulting in a good electrocatalytic effect.

Unlike most of the thiophene derivatives able to give the corresponding CPs, EDOT is
characterized by a noteworthy solubility in water. Such a feature is especially useful in the
preparation of electrochemical biosensors, which requires the simultaneous presence of a
biological component as a receptor and of an element that can act as a transducer and as
an immobilizing agent. CPs are often used as a modifying agent of electrode surfaces and
can immobilize different chemical or biological components. In the case of electrochemical
biosensors, when the conducting polymer can be obtained from an aqueous solution,
immobilization and electropolymerization can be carried out in the same step, allowing
for a more efficient result. According to the specific properties required, EDOT, as well as
most of the CPs precursors, can be also used in a proper functionalized configuration. In
this context, several scientific papers have been published in the last 15 years reporting the
application of PEDOT-based materials in amperometric sensors, and some of them are here
reported and summarized in Table 3.
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Table 3. PEDOT-based amperometric sensors.

Analyte Electrochemical

Sensor Composition Detected/ Techni Linear Range LoD Sensitivity Ref.
<. echnique

Application

Tyr/PEDOT-PC/Au/ITO catechol amperometry up to 6 uM 3.1 pA M~ em—2 [107]
] dopamine 0.05-200 uM 9.596 nM

CD-£-PEDOT:PSS/glass catochol CA 0.05-200 M 0.0275 uM [108]
AlcOx/PEDOT /Pt alcohol amperometry 017M 222 pAcm 2 M1 [109]
GAO/PEDOT/ITO galactose amperometry 0.1-1 mM 0.01 mM 6.37 pA/mM cm? [110]
GOx/PEDOT /hydrogel glucose amperometry 1-12 mM [111]
GOx/PEDOQOT /Pt-steel microneedle glucose amperometry 2-24 x 1073 M [112]
ggéﬁ))(f;g;ij]apl-w- glucose CA 0.25-2.5 mM 0.176 mM [113]
GOx/PFcPyBz/PEDOT/ graphite glucose amperometry 0.01-0.5 mM 54 uM 112.2 pA/mM cm? [114]
nHAp/PEDOT/GCE nitrite amperometry 0.25 uM-1.05 mM 83 nM [115]
IL-PEDOT:PSS/SPCE catechol amperometry 0.1 uM-330.0 uM 23.7 uM 18.2 mA mM cm 2 [116]
PEDOT-Fc:PSS/ITO dopamine amperometry 0.01-0.9 mM 1uM 196 mA M~ cm~2 [117]

ascorbic acid 12-1400 uM 6 uM 0.345 pA cm ™2 uM !
TBD/PEDOT/GCE uric acid cv 10-1000 uM 1.5 uM 0.665 EA cm 2 ﬁM‘l (18]
PEDOT-PAAT/GCE lignin Cv 1x107%-1 x 102 M [119]
HZIF-Mo/PEDOT/CCE hydroxylamine amperometry 0.1-692.2 uM 0.04 uM [120]
HRP/ph-PEDOT:PSS/GCE H,0O, amperometry 0.4-10 mM 45%x107°M 35 pAmM! [121]
Lactazyme/PEDOT:PSS/SPCE L-lactate CA 0.3-5 mM/10-50 mM 0.12mM 319/9.6 nA/(mm? mM) [122]
MDB/nanoAg/PEDOTsps/GCE NADH CA 10-560 uM 0.1 uM 2nA/uM [123]
AuNCs/PEDOT/GCE nitrite CA 0.05-2600 pM 17 nM [124]
Ag-CSA-PEDOT:PSS/glass nitrite amperometry 0.5-3400 uM 0.34 uM [125]
PEDOT-MnO, /GCE paracetamol amperometry 0.06-435 uM 31 nM [126]
CuNPs/PEDOT/PA/GCE glucose amperometry 5 uM-0.403 mM 0.278 uM 79.27 uA pM~— em ! [127]
GOx/Pt@Pd/PEDOT:PSS/LIG/PI glucose amperometry 10 mM-9.2 mM 3 uM 247.3 pAmM ! cm—2 [128]
GOx/Ni-Al(LDH)/PEDOT:PSS/ gate glucose amperometr 0.1-8.0 mM 0.02 mM 0.048 AM™! [129]
LOx/Ni-Al(LDH)/PEDOT:PSS/ gate lactate P y 0.05-8.0 mM 0.04 mM 223 x 1072 AM™!
PEDOT-Ni(hexacyanoferrate)/ GCE ascorbic acid amperometr 5x107°-3 x 1074 M 1x107°M [130]
PEDOT-Cu(hexacyanoferrate) GCE y 1.8 x1073-18 x 1072M  7x107*M
ZnO/PEDOT:PSS/paper hydrazine amperometry 10-500 uM 0.14 pA pM~ ! cm—2 [131]

catechol 2-400 uM
PEDOT/GO/GCE hydroquincne DPV 2.5-200 M 1. 6 uM [132]
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Table 3. Cont.
Analyte .
Sensor Composition Detected/ Electr9chem1ca1 Linear Range LoD Sensitivity Ref.
. Technique
Application
ascorbic acid 100-1000 uM 20 uM
PEDOT-GO/GCE dopamine DPV 6.0-200 uM 2.0 uM [133]
uric acid 40-240 uM 10 uM
PEDOT/rGO/AuNPs/HRP/SPGE H,0, amperometry 5-400 uM 0.08 uM 677 pA mM~! ecm—2 [134]
GOx/graphene-PEDOT:PSS/SPE glucose amperometry 20-900 uM 0.3 uM 7.23 pA/mM [135]
PEDOT/CNT/CPE hydroquinone DPV 1.1-125 uM 0.3 uM [136]
Anti-CEA/CNT/PEDOT:PSS-CP Eclerallzlgr;iembryomc amperometry 2-15ng mL~! 7.8 tA ng~! mL cm—2 [137]
PEDOT/NCC/CPE dopamine amperometry 0.2-62.0 uM 69 nM [138]
CQDs-PEDOT/GCE nitrite amperometry 0.5-1110 uM 88 nM [139]

AAT = 3-acetic acid thiophene; Anti-CEA = carcinoembryonic antibody monoclonal; BPI = 1,3-bis(2-pyridylimino)isoindoline; CCE = carbon cloth electrode; CP (ref. [118]) = conducting
paper; CPE = carbon paste electrode; CQDs = carbon quantum dots; CSA = concentrated sulfuric acid; FcPyBz = N-ferrocenyl-3-(1H-pyrrol-1-yl)aniline; GAO = galactose oxidase;
GO = graphene oxide; HKCN = 4-amino-N-(2,5-di(thiophene-2-yl)-1H-pyrrol-1-yl)benzamide; HRP = horseradish peroxidase; HZIF = hybrid zeolitic imidazolate framework; IL = ionic
liquid; LDH = Layered Double Hydroxide; LIG = laser-induced graphene; MDB = meldola blue; NCC = nanocrystalline cellulose; nHAp = nano-sized hydroxyapatite; PA = phytic acid;
PI = polyimide; SDS = sodium dodecyl sulphate; SPGE = screen-printed gold electrode; TBD = 4-thiophenylbenzene diazonium. Analytical parameters are reported as in the original
scientific papers.
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4.1. Unmodified EDOT, Ring Functionalization, and Copolymer Materials

The deep flexibility of the CPs’ structure allows us to adapt them to multiple devices.
For example, Son and coworkers [107] used PEDOT entrapped in a polycarbonate template
membrane to immobilize enzymes like tyrosinase in a microtubule structure (Figure 24).
The obtained sensor can be used in the determination of phenolic substrates in waste
waters. Amperometric detection of catechol is reported with a linear range up to 6 uM and
sensitivity of 3.1 pA/uM-cm?.
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Figure 24. Schematic structure of the PEDOT-based microtubule apparatus reported in ref. [107]

(reprinted with permission of Taylor & Francis).

A beta-cyclodextrin was used to modify the properties of a PEDOT:PSS film. The
PEDOT film was dropped on a glass substrate, then immersed in a 3-cyclodextrin solution.
The electrode obtained was used in a three-electrode electrochemical cell as sensor for
dopamine and catechol detection [108]. The authors evidence that this sensor allows us to
not use more expensive materials, such as ITO or platinum, as an electrode surface, retaining
good analytical performances in terms of the detection limit for dopamine (9.596 nM) and
for catechol (0.0275 uM) in phosphate-buffered solution (pH 7.4). The sensor was tested in
real samples measurements (human serum for dopamine and tap water and river water for
catechol, respectively) with satisfactory recovery (from 99.4% to 100.23%) comparable to
the results obtained using UV-Vis determination.

Toppare and coworkers [109] constructed and tested CP-based biosensors for the
determination of alcohol content in distilled beverages. In their work, the authors used
the classical PEDOT, its analogue poly(3,4-ethylenedioxypyrrole) (PEDOP), and the well-
known polypyrrole (PPy). A common characteristic of the three monomers (EDOT, EDOP,
and pyrrole) is their solubility in aqueous solvent, so their polymerization was carried out
in a phosphate buffer containing alcohol oxidase (AlcOx) as a biological component. In this
way, the biosensor was obtained in a single step with electrochemical polymerization, and
incorporating the enzyme happened in a one-pot approach. Among the three structures
tested, PEDOT/ AlcOx showed the highest affinity, and PEDOP/ AlcOx showed the highest
stability. pH and temperature conditions were optimized, and the amount of immobilized
enzyme was calculated. Interference effects were also investigated for glucose, acetic acid,
citric acid, and L-ascorbic acid.

An analogue approach was proposed encapsulating galactose oxidase in a PEDOT-
based tubular structure (Figure 25) [110]. EDOT was polymerized using cyclic voltammetry
on an ITO/PC (indium tin oxide/polycarbonate) assembly acting as a working electrode.
Then, a phosphate-buffered solution containing the enzyme was dropped on the top of the
tubule, and the system was properly closed. The obtained amperometric biosensor showed
good sensitivity (6.37 pA/mM cm?) and short response times (30—40 s), with a linear range
of 0.1-1 mM and a LoD = 0.01 mM in the determination of galactose. Storing the sensor at
4 °C for a week led to it retaining about 80% of its sensitivity.
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Figure 25. PEDOT-based tubular cell system (reprinted from ref. [110] with permission of John Wiley
and Sons).

In order to adapt the sensors’ development to the opportunity to obtain more and more
flexible devices, different approaches have been adopted. In some cases, an electrochemical
response can be coupled to an optical response, thus improving the performances and the
applicability of the device. An example of this type of arrangement is reported by Gu and
coworkers [111], who proposed a biosensor for glucose on a SiO, template entrapping a
polyacrylamide hydrogel. In turn, hydrogel acts as a network hosting chemically obtained
PEDOT, and finally glucose oxidase (GOx) was bound with the activation of the amide
functional groups. This flexible configuration has proved to be conveniently applied to
typical glucose-assay biosensors, and the combination of optical and amperometric sensing
enable adequate linear range (1-12 mM) and control of interferences.

Due to the interest towards amperometric sensors in a diagnostic system, research is
often supported with technology to make available devices to use in vivo. Microneedles
arrays arranged in a “smart patch” are an interesting example proposed for the detection
of glucose in blood. The device was developed using glucose oxidase immobilized on a
PEDOT film, with FAD (flavin adenosine dinucleotide) as a co-factor for the conversion
of glucose into gluconic acid and hydrogen peroxide. PEDOT allows us to transduce the
signal using a low voltage in a safe manner for patients. The platinum-coated stainless-steel
needles in the array were modified with a film PEDOT obtained using electrochemical
polymerization in the presence of GOx. Analytical performances were in agreement with
the actual needs for continuous monitoring of glucose level in human blood, with linear
range 2-24 x 1073 M. The authors also performed tests on the long-term stability in wet
and dry conditions [112].

Metal complexes of EDOT-derivatives with transition metal ions are used as modifying
agents of electrode surfaces in developing amperometric sensors. In this context, a Pd(II)
complex of 1,3-bis(2-pyridylimino)isoindoline bearing an EDOT unit as substituent was
electrochemically co-polymerized with a thiophene-pyrrole derivative on a glassy carbon
electrode (Figure 26) [113]. The biosensor obtained using the immobilization of glucose
oxidase with a classical cross-linking procedure with glutaraldehyde was tested in the
determination of glucose. The behavior of the biosensor was studied according to the
oxygen consumption in a phosphate buffer (pH 6.0, E = —0.7 V vs. Ag/AgCl) with a linear
range between 0.25 mM and 2.5 mM and a detection limit of 0.176 mM.
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Figure 26. Polymerization and co-polymerization route for EDOT-PdBPI (reprinted from ref. [113]
with the permission of Elsevier).

Ferrocenyl derivatives were often used in combination with PEDOT films prop-
erly deposited on an electrode surface. A double-step electrochemical polymerization
of EDOT and of N-ferrocenyl-3-(1H-pyrrol-1-yl)aniline on a graphite rod in a propylene
carbonate/LiClOy4 solvent system was applied. On the bilayer arrangement obtained,
glucose oxidase was immobilized through the classical cross-linking with glutaraldehyde.
The authors evidence that the preliminary deposition of a PEDOT film favors an adequate
deposition of a sterically bulky species as the ferrocenyl derivative here considered. On the
other hand, N-ferrocenyl-3-(1H-pyrrol-1-yl)aniline has proved to allow good performances
in terms of detection limit and sensitivity (54 uM and 112.2 pA/mM cm?, respectively) in
detection of glucose. The sensor was finally tested in commercially available beverages (ice
tea, lemonade, and milk samples), leading to an accurate detection of glucose concentration
with relative error between 2.61 and 3.95% [114].

PEDOT has been modified performing its electrochemical synthesis on a glassy carbon
electrode in an aqueous solution containing nano-sized hydroxyapatite bearing carboxyl
substituents. Based on the reticular structure of the conducting polymer nanocomposite
and of its high conductivity, the electrode was used as a sensor for the determination
of nitrites in water, with a specific attention to ocean water samples. The amperometric
response has proven to be satisfactory, in particular with regard to the detection limit
(83 nM), reproducibility, and stability of the device [115].

Ionic liquids (ILs) have also been used in PEDOT-based nanocomposites to improve
the catalytic performances of conducting polymers in sensing different analytes. These
materials are of particular interest in a screen-printed electrode, due to the possibility to
obtain thin films in a relatively easy way. In particular, a screen-printed carbon electrode
was modified by drop-coating with a mixture of commercial PEDOT:PSS and 1-ethyl-3-
methylimidazolium tetrafluoroborate IL, and optimization of the ratio CP/IL was investi-
gated. The sensor was characterized by electrochemical and surface analysis techniques,
then was applied to the amperometric detection of catechol in natural water samples. The
main advantage of this sensor is due to the possibility to use it as disposable sensor, with
adequate selectivity and sensitivity [116].

Due to their role in the nervous system of mammalians, neurotransmitters are a class
of analytes of particular interest in sensing. Low levels in their concentration may cause
diseases such as Parkinson’s and Alzheimer’s, as well as some types of cancer. Their
determination is therefore of the utmost importance, and efficient, fast, and sensitive meth-
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ods have been developed. In this context, electrochemical sensors may give a significant
contribution. In this context, a PEDOT-based sensor has been developed for the detec-
tion of dopamine. The PEDOT structure was functionalized with a ferrocene substituent,
thus including a redox mediator in the structure of the conducting polymer. An ITO elec-
trode was modified, obtaining a stable and reproducible arrangement. Detection tests of
dopamine were performed with a linear range between 0.01 and 0.9 mM, a sensitivity of
196 mA M~ em~2,and a LoD of 1 uM [117].

The determination of ascorbic acid is often subjected to interferences mainly from
uric acid. Lowering the interferents” undesired effects can be achieved using a proper
modification of the electrode surface. With the aim of improving selectivity, PEDOT can be
adequately functionalized or mixed with different materials. A quite simple but efficient
functionalization is reported by Gros and coworkers [118], who developed an amperometric
sensor by performing the electropolymerization of EDOT on a glassy carbon surface
previously functionalized with a thiophenylbenzene diazonium layer. They observed
that the optimum approach for satisfying analytical performances is obtained using the
deposition of a diazonium layer in galvanostatic conditions and of PEDOT using cyclic
voltammetry. The diazonium layer was proven to increase the stability of the sensor
compared to PEDOT alone. Ascorbic and uric acids were determined with 250 mV of
difference in potential value. Analytical performances in terms of sensitivity, detection limit,
and linear range were comparable to the literature data. Lifetimes were also satisfactory.

A “molecularly imprinted polymer” approach was applied to detect lignin using a
PEDOT-PAAT (AAT = 3-acetic acid thiophene) copolymer obtained using galvanostatic
synthesis on a glassy carbon electrode from a dichloromethane solution containing 2,2'-
methylene-bis-(2-methoxy-4-methylphenol) as a template, in addition to the monomers
EDOT and AAT. The template was then washed off with a mixed MeOH:CH3;COOH
solvent, leading to the MIP-sensor. The detection of lignin was performed based on the
cyclic voltametric response, choosing a potential value corresponding to the oxidation of
phenolic groups of lignin (+0.88 V vs. Ag/AgCl). This approach allowed us to distinguish
the differences in concentration of two magnitude orders, which are adequate for the object
of the research aimed at lignin determination as an undesired product in the cellulose
industry [119].

To modify a PEDOT structure and address its behavior against a specific analyte, it can
be combined with a zeolitic framework. In particular, a carbon cloth electrode was coated
with a composite material of molybdenum zeolitic imidazolate framework and PEDOT
and used as an amperometric sensor for hydroxylamine. The zeolitic fragment has proved
to be a main component to enhance selectivity towards amine molecules. The sensing of
hydroxylamine was carried out with low interferences from several interfering species,
and the sensor was tested in real samples (tap, ground, and drinking water). Stability,
reproducibility, recovery, linear range, and detection limit were reported, suggesting the
possibility of using metal-zeolitic materials in sensing applications [120].

The influence of buffer solutions (phosphate or citrate) was investigated in PEDOT:PSS
hydrogels that were chemically synthetized [121]. A glassy carbon electrode was modified
by the deposition of the hydrogel and, next, the immobilization of horseradish peroxidase
in phosphate or citrate buffer solution using a Nafion-ethanol solution to enhance the
stability of the enzyme on the sensor surface. The authors proved that the buffer nature
influences the swelling of the hydrogel, affecting the performances of the device. The
sensor was tested towards hydrogen peroxide, showing good features in the phosphate
buffer arrangement (sensitivity 3.5 pA mM 1, linear range 0.4-10 mM, and detection limit
45 % 1075 M).

In the field of electrochemical biosensors, direct electron transfer (DET) enzymes
facilitate the direct detection of the target analyte (rather than a sub-product such as hy-
drogen peroxide) without an additional redox mediator. In this context, a DET enzyme
(Lactazyme, a neutral lactase) has been recently proposed in the amperometry determina-
tion of L-lactate [122]. The sensor was prepared by mixing PEDOT:PSS with an enzyme
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solution and then anchoring the mixture on an electrode surface by cross-linking it with
a hydrogel. A screen-printed carbon and a platinum-metallized epoxy microneedle were
used as electrode surfaces. The biosensors showed good analytical performance, and were
applied to the detection of lactate in blood and in interstitial dermal fluid, respectively.

4.2. Metal-Containing-PEDOT

An appealing way aimed to modify the structure and properties of the conducting
polymer is by incorporating nanoparticles to increase the conductivity of the polymer film.
For this purpose, silver nanoparticles are often used.

Regarding this, Chen and coworkers [123] report an amperometric sensor for NADH
based on a Ag/PEDOTgpg (SDS = sodium dodecyl sulfate) film. The PEDOT film was
formed on a glassy carbon electrode using cyclic voltammetry in an aqueous solution,
and then modified by incorporating silver nanoparticles using a potentiostatic deposition.
Afterwards, the negatively charged PEDOTgpg-nanoAg coating was functionalized by
dipping it in a solution of positively charged Meldola Blue (MDB) acting as an efficient
redox mediator (Figure 27). The obtained sensor shows a significative decrease of 650 mV
in overpotential in the electrocatalytic oxidation of NADH, performing the electrochemical
detection at —0.05 V vs. Ag/AgCl. Furthermore, a linear range between 10 and 560 uM
and a detection limit of 0.1 uM is reported.

Glassy carbon electrode

PEDOT film

Ag nanoparticles

SDS layer

Figure 27. Schematic structure of the GC/PEDOTgsps/MDB/nano-Ag sensor reported in ref. [123].

Composite materials containing PEDOT and metal nanoparticles were also obtained
using electrochemical polymerization from an EDOT aqueous solution, including gold
nanoclusters on a glassy carbon electrode. The sensor was used for the amperometric
determination of nitrite in tap water [124]. The performances of this arrangement evidenced
a good catalytic activity attributable to the gold nanoclusters, a low detection limit (17 nM),
a wide linear range (0.05-2600 uM), and the absence of interferences like dopamine, ascorbic
acid, and uric acid.

Silver nanoparticles were again used as a doping agent for PEDOT, casting a PE-
DOT:PSS properly modified using treatment with sulfuric acid on a glass substrate instead
of a glassy carbon or ITO electrode. The authors note that this method can effectively
determine nitrite [125], with a linear range of 0.5-3400 uM and a detection limit of 0.34 uM.
These features are comparable to those obtained using sensors that use more expensive ITO
or GC substrate. Furthermore, the sensor proposed proved to have an accuracy comparable
with UV-Vis spectrophotometry and a significant absence of interferences.

The doping of PEDOT with metal-containing nanomaterials are often approached to
customize the sensing properties. In a recent paper [126], MnO, nanoflowers were added
to an EDOT aqueous solution, and a potentiostatic polymerization on a glassy carbon
electrode was performed. The MnO,-modified conducting film was applied in the amper-
ometric detection of paracetamol. The thickness of the film (related to deposition times)
and MnO, concentration during the polymerization step, as well as the pH during the
analytical determination of paracetamol, were optimized. The enhanced surface area deriv-
ing from the presence of the nanomaterial allowed us to obtain a good-performing sensor.
Amperometric sensing of paracetamol was carried out at 0.45 V vs. SCE in phosphate
buffer (pH 6.4), with a low detection limit (31 nM), linear range between 0.06 and 435 uM,
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and good accuracy and reproducibility. Moreover, the performances are comparable with
those typical of the UV-Vis method.

Again, concerning enzymeless amperometric sensors based on PEDOT modified with
metal nanoparticles, Yang et al. [127] report the use of copper nanoparticles in sensors
for glucose. An EDOT solution containing phytic acid was polymerized using cyclic
voltammetry on a glassy carbon electrode. The modified electrode was then immersed in a
new solution containing CuSOy, and copper nanoparticles were deposited scanning the
potential between —1.3 and 0.4 V (vs. SCE) for 12 cycles. Surface characterization showed a
homogeneous nanostructure in the PEDOT /phytic acid substrate, suitable for the ordered
allocation of copper nanoparticles. This structure showed a high catalytic activity for the
amperometric detection of glucose, being careful to adopt the optimized experimental
conditions in terms of thickness of the PEDOT /phytic acid film, the concentration of phytic
acid, and the applied potential. Glucose detection was performed in an alkaline solution at
0.55V, based on the oxidation of Cu(0) to Cu(II) and then to Cu(Ill), and finally the oxidation
of glucose to glucolactone with a corresponding reduction Cu(III)—Cu(II). This sensor was
tested in terms of linear range (5 uM-0.403 mM), sensitivity (79.27 pA pM~! cm 1), and
detection limit (0.278 uM), as well as its behavior towards interferences. In this last context,
the authors proved that the sensor is highly specific in the detection of glucose. Finally,
the PEDOT/Cu-nanoparticles sensor was applied to detection of glucose in human blood
samples, showing good recoveries (97.6-103.3%).

A PEDOT:PSS/graphene composite has been reported for the electrochemical sensing
of glucose and pH in a multifunctional approach [128]. The amperometric detection of
glucose was performed by modifying the PEDOT-graphene substrate with platinum and
palladium nanoparticles, whereas polyaniline was used as a modifying agent for pH
detection. The device was tested in monitoring glucose and pH in human perspiration,
and the results suggest an interesting application of these kinds of sensors in monitoring
physiological parameters.

PEDOT-based organic electrochemical transistors were used in the amperometric
detection of glucose and lactate. Glucose oxidase and lactate oxidase enzymes were
immobilized in a Ni/Al-layered double hydroxide through electrodeposition using an
optimal low amount of enzyme. This arrangement makes the sensor work with a linear
range between 0.1 and 8.0 mM for glucose and between 0.05 and 8.0 mM for lactate, and a
detection limit of 0.02 mM and 0.04 mM for glucose and lactate, respectively. The sensor
proved to be adequate to the detection of glucose and lactate in real samples such as saliva,
where typical concentrations are 0.1-0.5 mM for glucose and 0.1-2.5 mM for lactate [129].

Determination of ascorbic acid was also investigated with a PEDOT-based sensor modi-
fied with M hexacyanoferrate (M = Ni, Cu, Mn). In particular, PEDOT-Ni(hexacyanoferrate)
and PEDOT-Cu(hexacyanoferrate) systems allowed us to determine ascorbic acid with a lin-
ear range up to two orders of magnitude (5 x 107°-3 x 107 Mand 1.8 x 1073-1.8 x 1072 M,
respectively). Amperometric responses carried out at +0.6 V vs. Ag/AgCl showed that no
interference arose from the presence of uric acid and dopamine [130].

Doping of PEDOT:PSS with ZnO was applied to the determination of a toxic compound
such as hydrazine. The sensor was obtained using inkjet printing of a PEDOT:PSS/ZnO/
Nafion mixture on a paper substrate, giving a low-cost and flexible device. ZnO catalyzes
the oxidation of hydrazine, allowing for its amperometric detection with a satisfying sensi-
tivity (0.14 pA uM~! cm~2) and a linear range between 10 and 500 uM. The authors suggest
that an analogue approach can be applied to the detection of other toxic compounds [131].

4.3. PEDOT-Carbonaceous Materials Composites

As evidenced previously in the present review, a useful modification of a conducting
polymer structure can be obtained by incorporating different materials such as graphene
oxide (GO). GO is used in composite materials containing CPs in sensors due to its ability
to keep carbon sheet of the graphene structure well stacked, thus avoiding undesirable
agglomeration of the carbon sheets. Furthermore, GO can easily be dispersed in aqueous
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solvents interacting with a few functional groups. To obtain PEDOT/GO hybrid films,
an electrochemical polymerization is usually performed using cyclic voltammetry in a
monomer (aqueous) solution containing dispersed GO. This approach was used by Lei,
Hao, and coworkers [132] when developing a sensor where the PEDOT /GO composite
was electrodeposited on a glassy carbon electrode. The GCE/PEDOT/GO sensor was
applied to the electrochemical determination of hydroquinone and catechol, showing good
electrocatalytic activity. The optimization of experimental conditions (pH, number of cycles
in the polymerization step) allowed us to achieve wide linear ranges (2.5-200 pM for
hydroquinone, 2-400 uM for catechol), a low detection limit (1.6 uM for both hydroquinone
and catechol), and good reproducibility and stability.

Graphene oxide was used to dope PEDOT (electrochemically synthetized on a glassy
carbon electrode) in sensors for ascorbic acid, dopamine, and uric acid. Linear ranges,
detection limits, and selectivity evidenced that such a configuration can act as a good model
system for the simultaneous detection of physiological analytes [133].

Composite materials containing PEDOT were investigated in association with nanoma-
terials to increase the sensibility and detection limits, and reduced graphene oxide and gold
nanoparticles as modifying systems for electrode surfaces are widely used. In this context,
a screen-printed gold electrode was modified by drop-casting a suspension containing a
composite of PEDOT, reduced graphene oxide, and gold nanoparticles. Then, horseradish
peroxidase (HRP) was immobilized on the electrode using a classical cross-linking approach.
Finally, the biosensor was used in the amperometric detection of hydrogen peroxide in
milk samples. This PEDOT-based biosensor showed high sensitivity, a wide linear range, a
low detection limit, high stability, and low level of interferences [134].

An efficient approach in developing ready-to-use sensors is the screen-printed tech-
nology. For instance, a graphene-PEDOT:PSS solution was drop-coated on a screen-printed
carbon electrode, and then glucose oxidase was immobilized on it by a classical cross-
linking with glutaraldehyde. The analytical determination of glucose was carried out
using chronoamperometry with an enhanced sensitivity (7.23 pA/mM) and detection limit
(0.3 uM) compared to the analogue arrangement without graphene, as well as stability on
the time scale of about 30 days [135].

Although a large part of the research on sensors is focused on biosensors, attention is
also aimed at sensors containing a specific arrangement which does not include a biological
element. In this context, hydroquinone is an analyte of interest; in fact, its use in some
cosmetic products as bleaching agent is allowed only under medical supervision. Its
determination was performed using DPV on a carbon paste electrode (CPE) modified by
dropping a suspension of a mixture of chemically polymerized EDOT and carbon nanotube
(CN). The catalytic activity of the PEDOT/CNT/CPE arrangement allows us to carry out
the detection of hydroquinone at a potential value significantly lower than the bare CPE,
with good analytical performances (LoD 0.3 uM, linear range from 1.1 to 125 pM) and high
stability [136].

PEDOT was also used when combined to carbon nanotubes (CNTs) to obtain a so-
called conducting paper electrode where a carcinoembryonic antibody monoclonal was
immobilized through a classical EDC-NHS coupling approach. This amperometric sensor
was tested to detect the corresponding antigen as a cancer biomarker, reaching a high
sensitivity (7.8 pA ng’l mL cm™2) in a concentration range between 2 and 15 ng mL~!,
typical of the antigen in physiological conditions [137].

The use of nanomaterials in sensors is particularly appealing, often as doping com-
ponents for a conducting polymer substrate. Nanocrystalline cellulose (NCC) was used
as dopant for PEDOT, both in chemical and in electrochemical polymerization. Surface
and FT-IR characterization of the chemical synthetized PEDOT /nanocellulose compos-
ite allowed us to confirm the incorporation of nanocellulose as a dopant in the PEDOT
structure. On the other hand, the EIS investigation of the PEDOT/NCC/carbon paste
electrode evidenced its enhanced charge transfer property compared to the analogous
system without the nano component. The modified electrode was tested as a sensor for
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dopamine; its low detection limit (69 nM) makes it a promising candidate for an easy and
low-cost sensor [138].

The presence of nitrite is often investigated because of its hazardousness for human
health due to its ability to react with amines, leading to nitrosamines (well known as
carcinogenic substances), as well as with hemoglobin, causing hypoxia of tissues. Nitrites’
determination has been carried out with a modified glassy carbon electrode, on which
an aqueous solution containing EDOT and carbon quantum dots was polymerized using
chronoamperometry. The determination of nitrites was performed in a phosphate buffer
(pH 7.4). The assembly of the sensor surface, where quantum dots are uniformly distributed
in the conducting polymer structure, led to a device with good analytical performances
in terms of linear range and detection limit, and which is improvable with regard to
sensitivity [139].

5. Conclusions

Although polypyrrole, polythiophene, and PEDOT are among the most investigated
in the class of conducting polymers, they are still of wide use in the field of amperometric
sensors. Indeed, a crossed inquiry in common research engines from 2010 to date gave
us a result 130 scientific articles including the use of PPy, PTh, and PEDOT in this context
(Chart 1). Their structural features join to the possibility of mixing with different materials
able to enhance their conductivity, therefore improving the analytical performances of the
resulting sensors. The selected examples in this review demonstrate the diverse use of
conducting polymers (CPs) in amperometric sensors, ranging from straightforward to more
complex configurations. From a general point of view, the primary objective of modifying
the base structure of a polymer film is to enhance its electron transfer and catalytic activity.
This enhancement is often achieved by incorporating metal nanoparticles and carbon
nanomaterials, such as nanotubes and graphene oxides, into the sensor design. However,
simple modifications to the polymer structure itself, such as the overoxidation of pyrrole,
can also impart desirable features like selectivity. Moreover, ensuring the stability of the
sensor is crucial, particularly in the field of biosensors, where the efficient immobilization
of enzymes significantly influences the analytical performance of the device. Excellent
stability has been achieved through appropriate functionalization of polythiophene films
by means of the formation of a covalent bond between the enzyme and the polymer
chain. Furthermore, solubility of the monomer in water is a pivotal requisite in some cases.
In this context, pyrrole and EDOT are favored over thiophene as starting materials for
amperometric sensors.
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Chart 1. Distribution of scientific articles regarding the use of PPy, PTh, and PEDOT in amperometric
sensors from 2010 to date.

Furthermore, their design flexibility allows these materials to be used in the detection
of different organic and inorganic analytes. The widest applications of CP-based ampero-
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metric sensors are surely towards hydrogen peroxide and glucose. However, further classes
of analytes have been explored, including neurotransmitters, alcohols, drugs, potentially
toxic chemical species, and cancer cells. In a few cases, a lack of rigor is noticed about
analytical data (LoD values equal to the lower limit of the linear range, or the lower limit
of the linear range equal to zero). However, the range of potential analytes can be surely
increased, mainly regarding health and environment contexts. Also, the choice of materials
that can be combined to CPs to improve the analytical efficiency of the sensors can be
extended. Good results are usually reported in regard to sensitivity, detection limit, and
linearity range. Specific attention can be aimed at designing sensors that are ever more
stable and reproducible.
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