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7.1 Introduction

Biosensors have a crucial role in modern life in detecting chemical compounds, bio-
molecules, or cells in complex media [1,2]. Traditional analytical methods have lim-
itations, such as the need for qualified personnel, expensive equipment, and large
sample volumes [1]. Biosensors have emerged as a solution to these challenges,
enabling complex analytical measurements to be carried out in simple and easy-to-
use formats. The presence of a bioreceptor allows for high selectivity and specificity
whereas the transducer converts the recognition event into a measurable signal and de-
termines the sensitivity of the device (Fig. 7.1a—c) [3—5]. There are various transduc-
tion mechanisms for biosensors, based on optical, thermal, mechanical, magnetic, and
electrochemical signals, among others [6—8]. Electrochemical biosensors have
become popular owing to their advantages, such as robustness, stability, reproduc-
ibility, low detection limits, a fast response, a low sample volume, easy miniaturiza-
tion, and the ability to be used in complex media (Fig. 7.1d and e) [6,9—11].
Electrochemical biosensors can detect electrical signals generated by interactions be-
tween biomolecules and target analytes in solution. Amperometry and potentiometry
are the most commonly used transduction methods, followed by conductometric and
impedance spectroscopy [7,11,12]. These electrochemical devices have emerged as
a promising technology for various applications, including food safety, clinical diag-
nosis, and pathogen and toxin detection, and can be integrated into wearable, portable,
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and reusable devices. However, a significant challenge facing electrochemical biosen-
sors is their ability to function accurately in real-world samples while maintaining all
of their attributes and capabilities.

Enzymes are essential biological molecules that catalyze specific biochemical reac-
tions. Their unique properties make them ideal bioreceptors in biosensors. Among the
various classes of enzymes, oxidoreductases are particularly useful for electrochemical
biosensors because they facilitate reactions involving electron transfer [13]. The first
commercial glucose amperometric biosensor, which revolutionized the health care in-
dustry, used glucose oxidase (GOx) as the bioreceptor [14]. Likewise, electrode mate-
rials have undergone significant developments over the years. Precious metals such as
gold and platinum were initially used, followed by conductive doped ceramics such as
indium tin oxide (ITO). The advent of screen-printed electrodes allowed for easily
mass-produced carbon materials to be employed [15]. However, enzymes have a
limited life span and are susceptible to changes in temperature, pH, and ionic strength,
which makes electrode modification a crucial process in electrochemical biosensors
[16]. This is why the combination of enzymes and polymeric matrices is greatly rele-
vant. To date, polymer-based electrodes with different biorecognition elements and
immobilization techniques have been extensively studied, in which polymers contain-
ing redox molecules are the most relevant. Redox polymers, with their ability to facil-
itate charge transport, are an attractive alternative to traditional transducer materials in
electrochemical devices. These polymers are classified by the International Union of
Pure and Applied Chemistry (IUPAC) into two categories based on their chemical
structure and electron transport mechanisms: polymers with a conjugated backbone
(also called conducting or semiconducting polymers) and polymers with redox-
active pendant groups (also known as plain redox polymers) [17—19]. For clarity,
this chapter will use the terms conjugated redox polymer (CRP) and nonconjugated
redox polymer (NCRP) to refer to these respective categories. This chapter compares
the two categories of redox polymers when used with oxidoreductases in biosensing,
beginning with their respective charge transport mechanisms and immobilization on
electrode surfaces with enzymes. The chapter then explores interactions between the
enzymes and redox polymers, specifically in their contribution to different sensing
mechanisms. Finally, we present several examples of bioanalytical systems that use
different types of enzymes in conjunction with redox polymers for biosensing.

7.2 Charge transport mechanisms

7.2.1 Charge transport in conjugated redox polymers

In polymers with conjugated backbones, electrons can delocalize, offering the possi-
bility of charge mobility [20]. In the ground state, however, most of these polymers
are not intrinsically conductive, but rather semiconductors with bandgaps ranging
from ~1.5eV for polyacetylene to ~3.2 eV for polyaniline (PANI), for example
[21]. This bandgap arises from the Peierls distortion, which establishes that, despite
having an unpaired electron per atom, the most stable configuration for these
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unidimensional systems is an alternate sequence of single and double bonds, as
opposed to all bonds being of equal energy (and length) [22]. If switching which bonds
are single and which are double does not affect the ground state energy of the polymer,
it is said to be degenerate (like polyacetylene). If, on the other hand, the chemical struc-
ture of the polymer causes differences in energy when switching the location of the
double and single bonds, the polymer is said to be nondegenerate (e.g., polythiophene,
polypyrrole [PPy], and PANI) [23].

Upon oxidation or reduction, charges can be generated in the conjugated chain. For
degenerate conjugated polymers, anions (negative solitons) or cations (positive soli-
tons) are formed with states in the center of the energy bandgap [23]. In nondegenerate
polymers, redox processes produce radical cations (positive polarons), or radical an-
ions (negative polarons) [20]. Further oxidation or reduction can create dications (pos-
itive bipolarons) or dianions (negative bipolarons). In these cases, two bands are
created in the space between the conduction and valence bands of the ground state.
All of these entities (classified by physics as quasiparticles), can serve as charge car-
riers for band conduction in a CRP. Therefore, oxidized or reduced conjugated poly-
mers have electrical conductivities orders of magnitude higher than their neutral
counterparts and are said to be doped. Doping can take place chemically or electro-
chemically. Either way, the charge acquired by the polymer must be balanced by a
counterion that forms part of the doping process.

The effect of electrochemical doping on the conductivity is usually characterized by
depositing a film of the conjugated polymer over two (commonly interdigitated) elec-
trodes. A small potential difference is applied between them to measure the film con-
ductivity. Simultaneously, the potential of both electrodes is changed with respect to a
reference electrode to oxidize or reduce the polymer, measuring the faradaic current
using a separate counter-electrode [24,25]. Usually, the potential is swept in the pos-
itive direction, causing an increase in conductivity concomitant with the oxidation cur-
rent (Fig. 7.2a). If excessive oxidation is carried out, the polymer becomes
nonconductive. This decrease in conductivity can be reversibly caused by electrostatic
interactions associated with highly packed charge carriers. At extremely high poten-
tials, irreversible degradation of the polymers causes a permanent loss of conductivity.

Owing to their conductivity, these materials have been referred to as semiconduct-
ing, conducting, and even metallic polymers. An exploration of the temperature depen-
dence of their electrical conductivity helps in the discussion of the most appropriate
designation. Most conjugated polymers show an increase in conductivity when heated,
which is expected for semiconductor materials [26]. Only a few reports have shown a
decrease in resistivity when lowering the temperature, as expected for true metallic
behavior [27,28]. This can be rationalized in terms of the degree of order in the con-
jugated polymers. Compared with metals, which are mostly crystalline, conjugated
polymers have significantly more disorder and defects. These, together with the finite
length of the polymer chains, create the localization of some of the states. Electron
movement between these localized states does not take place through band conduction,
but rather through hopping [29]. This is a slower process and ultimately limits conduc-
tivity in conjugated polymers. Besides in-chain defects, spatial order between chains
affects conductivity, in which more crystalline polymers are more conductive than
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amorphous ones [30]. In fact, the structure of conjugated polymers has been described
as metallic (ordered) islands in a semiconducting (disordered) matrix [24]. Electron
transfer in a delocalized polymer chain and between chains in a m-stacked ordered re-
gion is faster than between ordered regions or between an ordered region and a chain in
a disordered region (Fig. 7.2c¢) [31]. Further support for this view comes from the
observation that adding solvents to the polymers (solvent annealing) can increase
the conductivity by several orders of magnitude. This procedure has also been shown
to shift the transition between an insulating/conductive character to more negative po-
tentials, increasing the useful potential window [32].

7.2.2 Charge transport in nonconjugated redox polymers

NCRPs include a polymeric backbone with redox moieties as pendant groups. Vinyl
polymers, poly(ethylenimine) (PEI), poly(allylamine), and even polysiloxanes [33]
and polymeric ionic liquids [19] have been reported. In NCRPs, spatially localized
redox sites are separated by a given distance (d). These redox sites are not electron-
ically connected by the conjugation of bonds described in the previous section.
Therefore, band conduction is not possible. Rather, self-exchange reactions between
similar redox sites (except for their oxidation state) are responsible for electron trans-
port. Dahms and Ruff laid the foundations of this theory by describing electron trans-
fer reactions between redox sites of molecules dissolved in solution [34—37]. They
observed that the self-exchange resembled a diffusive process that, added to the
actual physical movement of these redox molecules in the solution, contributed to
their apparent diffusion. Because of the high mobility of the molecules in solution,
electron exchange was explained in terms of collision theory. Subsequently, others
applied this theory to experiments on polymer layers that included electrostatically
trapped coordination ions. Considering that these redox centers could be fixed or
have a limited movement compared with ions in solution, the contribution to the
self-exchange reaction was dominant over actual molecular diffusion [38—41].
Moreover, because of the reduced mobility, collisions between electroactive mole-
cules were less likely than in solution, and the researchers hypothesized that electron
hopping between neighboring redox sites could be an important mechanism contrib-
uting to charge transfer in these films [42,43]. Nowadays, both collisions and elec-
tron hopping are regarded as contributing to the charge transport mechanism in
polymers containing electroactive moieties as pendant groups (Fig. 7.2d). The contri-
bution of each mechanism depends on factors such as the mobility of the redox moi-
eties (via the flexible tether attaching it to the polymer backbone) and the separation
between them [18].

Self-exchange charge transport is an outer sphere phenomenon that is feasible
because the products and reactants are the same molecule, except for the different
oxidation states [44]. Self-exchange electron transfer reactions occur in random direc-
tions throughout the polymeric network as a response to concentration gradients or,
more appropriately, to electrochemical potential gradients generated by the potential
imposed on the electrode, phenomenologically obeying Fick’s laws derived for freely
diffusing molecules in solution [43]. The rate at which this process occurs is defined by
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the apparent electron diffusion coefficient (D,) and is limited by the separation be-
tween redox sites. Despite numerous reports in the literature and the use of simulation
models [45—47], this charge transport phenomenon is not fully understood. It is
known that some of the rate constants of the redox sites in these polymeric matrices
can decrease up to 10* times compared with their rates in solution, regardless of the
type of redox center used [46]. In addition, when redox polymers are incorporated
into more structured systems (e.g., hydrogels), the electron transfer mechanism can
become more complex. Because these hydrogels are three-dimensional (3D) matrices
that swell and shrink depending on their water content, inertial and surface forces have
an important role in the dynamics of the polymer chains, generating cooperative diffu-
sion [46,48].

As in electroactive molecules diffusing in solution, charge transfer in electrochem-
ical experiments using electrodes modified with NCRPs can be limited by the deple-
tion of the reactant (so-called thin-layer regime [49]) or diffusion. The simplest and
most commonly used method to determine the process that limits the system is to
perform cyclic voltammetry measurements at different scan rates. If there is a linear
dependence of the peak current (i,) with the scan rate (v), the system is bounded by
a thin-layer process, following the equation [50]:

] _112F2
" T 4RT

vVe (7.1)

where 7 is the number of electrons, F' is the Faraday constant, R is the gas constant, 7'
is the temperature, V is the volume of the thin (polymer) layer, and c is the con-
centration of electroactive pendant groups. This equation is similar to the one
employed for the case of reactants immobilized (typically adsorbed) on the electrode
surface [51]. The only difference is the replacement of the product Vc for A", where
A 1s the electrode area and I' is the surface concentration of redox moieties. Obvi-
ously, both quantities are equal to the total number of redox sites in the film. Another
characteristic of this regime is that the peak potential difference (AE,) tends toward
zero (Fig. 7.2b).

Conversely, if the dependence of i, is linear with respect to the square root of the
scan rate, the process is diffusion-limited and follows the Randles-Sevcik equation:

i, =2.69x10°n2F3/2AcD, /2y /2 (7.2)

This diffusive-like charge transport is more commonly observed because the thick-
ness of polymeric films (0) tends to be larger than the thickness of the diffusion layer in
most practical cases. Because of the difficulty of quantifying the concentration of

redox sites in the polymer layer, the product c(De)l/ % is commonly used. There are
several ways to calculate this product. Among the most common, we can find
(a) cyclic voltammetry, plotting the dependence of the peak current (i,) versus the
scan rate, using Eq. (7.2); (b) electrochemical impedance spectroscopy, analyzing
the behavior of the Warburg element; and (c) chronoamperometry using the Cotrell
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equation. A given system can switch between thin layer and diffusion-limited regimes,
depending on parameters such as the layer thickness, the apparent electron diffusion
coefficient, and the time scale of the experiment.

7.2.3 Immobilization and deposition of enzymes and redox
polymers on electrode surfaces

In biosensor design and fabrication, immobilization can be interpreted as the confine-
ment of molecules in a defined space, preserving their functionality. Electrode modi-
fication with biological receptors is an important process to improve sensitivity and
selectivity in the construction of biosensors. The method used for immobilization de-
pends on the type of receptor [52,53]. In the case of enzymes, maintaining catalytic
activity for repeated and/or continuous use is highly desirable. Compared with redox
polymers, the higher complexity of the enzymes makes them more vulnerable to the
impacts of the immobilization process. Some adverse effects are changes in their
3D conformation or modification of their reactivity, all of which can result in a
decrease in their catalytic activity. On the other hand, benefits include enzyme reuse,
increased stability or resistance to factors such as temperature, pH, and solvents, higher
activity per unit volume, and, in some cases, improved selectivity.

It is possible to immobilize the enzymes and redox polymers on the electrode sur-
face through a variety of physical or chemical interactions. These include van der
Waals and hydrophobic forces, electrostatic attraction, and covalent bonds. In general,
physical methods are considered to be the least aggressive option toward the molecular
structure. Their most representative examples in enzyme immobilization include
adsorption, encapsulation, and entrapment in matrices of different natures (often poly-
meric). Using these methodologies, the enzyme is as close as possible to its native
state. However, interactions between the enzyme and the surrounding matrix are not
strong. These systems are prone to enzyme leakage when the device is in contact
with aqueous media during use. Compared with physical methods, chemical methods
bind molecules to the electrode surface by employing stronger (covalent) interactions.
This can lead to structural alterations and, in the case of enzymes, a loss of catalytic
activity if necessary care is not taken. Direct covalent bonding, cross-linking, and af-
finity ligand conjugation are some examples of this group of immobilization strategies.

7.2.4 Covalent bonding

Covalent and coordination bonds are strong interactions between atoms that share elec-
trons in their valence orbitals. In polymer and enzyme immobilization, covalent
bonding is used in two different strategies: covalent cross-linking and direct covalent
bonding.

Covalent cross-linking is one of the most widely used methods for enzyme immo-
bilization on electrodes. In general, this method is based on the union of two or more
molecules through covalent bonds, forming hierarchical structures at the nanoscale and
microscale. 3D structures can provide many benefits to the immobilized enzymes, but
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they can also be detrimental if the proper conditions are not used [54,55]. The reagents
used for this method are cross-linking molecules that contain two or more terminal
groups that are highly reactive toward specific functional groups (e.g., primary amines,
hydroxyls, sulfthydryls, carboxylic acids) found in proteins or polymeric structures
[56,57]. Cross-linkers can generate intramolecular and intermolecular (enzyme—
enzyme, enzyme—polymer, or polymer—polymer) bonds. The selection of cross-
linkers will depend on the characteristics of the system and its own properties, such
as chemical specificity and spontaneity, chain length, and water solubility [58].

Normally, the combination of cross-linkers in conjunction with nonconjugated
polymers is useful for incorporating enzymes into the matrices formed to provide
greater protection and favorable microenvironments, although conjugated polymers
are also used to a lesser extent. Upon cross-linking at the electrodes, the matrix formed
becomes insoluble, and a variety of structures can be obtained, ranging from soft jelly-
like structures (hydrogels) to more rigid membrane-like structures, depending on the
degree of cross-linking [59]. Regardless of the rigidity, these matrices can hydrate
and swell to some degree in water, improving their electron transport compared
with their dry state.

A large variety of cross-linking strategies have been developed in polymer science
[60]. In electrodes modified with enzymes and redox polymers, the focus has been on
the reactivity of amine and carboxyl groups present in these molecules [58,61]. Dia-
ldehydes, such as terephthalaldehyde and glutaraldehyde (GA), are frequently used
cross-linkers for these groups, and GA is the most popular [62]. GA reacts aggres-
sively mainly with primary amines, forming Schiff bases and/or secondary amines
from addition reactions with GA oligomers [63—65]. These characteristics make
GA one of the best options for creating stable polymeric matrices. However, its
high toxicity has prompted the search for alternatives when working with biological
or cellular systems. Therefore, diepoxides such as ethylene glycol diglycidyl ether
and poly(ethylene glycol) diglycidyl ether (PEGDGE), have become the reference
standard as cross-linking agents. Although their epoxy end groups are less reactive
with primary amines than GA, they have the advantage of being biocompatible. A
less popular strategy, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) in com-
bination with N-hydroxysuccinimide (NHS), generates the activation of carboxylated
molecules to conjugate them with primary amines [66]. Because the EDC and NHS
moieties are not retained in the final product, this strategy generates a smaller separa-
tion between molecules compared with dialdehydes and diepoxides [67].

Many combinations using different NCRPs and CRPs have been evaluated with
these cross-linkers. Some representative examples of nonconjugated polymers are pol-
y(allylamine) (PAH) [68,69], PEI in its linear form [70], or branched form [71,72],
poly(vinyl pyridine) [73], poly(vinyl alcohol) [74], and chitosan [75,76], modified
with osmium complexes [77] or ferrocene redox centers. Most of these polymers
contain amino groups that facilitate cross-linking at room temperature. Also, the amino
groups in the enzyme can yield cross-linking of both molecules in a single step
(Fig. 7.3a). In addition, incorporating nanomaterials such as nanoparticles of different
natures, and also carbon nanotubes (CNTs) can generate synergies with these
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Figure 7.3 Cross-linking in enzymes and redox polymers. (a) Hydrogel composed of a
nonconjugated redox polymer, an enzyme, and a cross-linker. (b) Conjugated redox polymer
cross-linked to enzymes via a covalent bond. (c) Cross-linked enzymes interacting with a
conjugated polymer that does not have functional groups reactive to the cross-linkers.

polymeric matrices, improving their mechanical properties, stability, and response to
stimuli, among other aspects [78,79].

In contrast with NCRPs, with a few exceptions [80], the literature for cross-linking
conjugated polymers with enzymes describes only the use of GA. These reports usu-
ally do not specify which groups in the polymer react with the cross-linker. PPy and
PANI have secondary amines that are suitable for reaction with GA (Fig. 7.3b)
[81—83]. Nevertheless, several publications state that GA is employed to cross-link
the enzymes to other conjugated polymers that do not have primary or secondary
amines, or any other group that will react readily with GA [84,85]. If any, some of
them contain tertiary amines that are not reactive with this cross-linker [65]. The im-
provements upon addition of GA may be caused by intramolecular bonds in an enzyme
and cross-linking between different enzymes (Fig. 7.3¢) [86]. Alternatively, compos-
ites have been deposited, mixing the conjugated polymer with another one that has
reactive groups suitable for cross-linking [87].

A different approach, direct covalent bonding, consists of the immobilization of a
molecule to the support (an electrode in this case) via covalent or coordination bonds.
Some polymers can generate bonds with the support by themselves. PEIs, for
example, naturally have amino functional groups that can adsorb on metal surfaces
via the coordination of their lone electron pair [88,89]. This takes place preferentially
in branched PEIs because of their higher content in primary amines and is analogous
to the chelating properties displayed with metal ions [90,91]. Alternatively, the elec-
trode surface can be premodified with functionalized nanomaterials or by other meth-
odologies that generate specific functional groups to bind the enzymes or polymers
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covalently. Self-assembled monolayers (SAMs) have become a popular choice for
modifying electrode surfaces because there is a wide variety of terminal functional
groups. Carboxylic acid terminated SAMs, for example, are usually covalently
bonded to amino groups using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-
hydroxysuccinimide (EDC/NHS) chemistry [92]. Alternatively, the cross-linkers
described earlier can be used between amino groups generated on the surface and
those in the polymer or enzyme. Enzyme immobilization via direct covalent bonding
in the absence of a polymer matrix can increase the risk of denaturation [93] owing to
the interaction between the enzyme and the support surface. Therefore, it is compar-
atively less popular than cross-linking. Finally, the enzyme can be covalently bonded
to the monomer [94] or the dopant [95] before electrodeposition of the conjugated
polymer is performed.

7.2.5 Noncovalent interactions

Although weaker than covalent bonds, noncovalent interactions can be used to
immobilize molecules on an electrode surface. Among them, electrostatic attraction
and repulsion have been the most exploited to immobilize enzymes and polymers,
which can have ionizable groups bearing different charges, depending on the pH
of the medium. This character is described by their isoelectric point, defined as the
pH at which the total charge on the molecule is zero. At higher pH values, the mole-
cule bears a negative charge, whereas positive charges are observed at more acidic
values. When enzyme and polymer charges are opposite, these molecules can attract
each other, forming adducts. In conjugated polymers, the charge of the doping agents
can affect the effective potential with which the protein interacts [96]. Besides immo-
bilizing the enzymes to the polymer, it has been shown that these interactions can
increase the charge transfer between oxidoreductases and pendant electroactive
groups in NCRPs [97].

A common strategy for exploiting the power of electrostatic interactions is the self-
assembly technique known as layer-by-layer deposition (LbL) [98,99]. The general
process is based on the sequential deposition of macromolecules from their diluted so-
lutions on a solid substrate, forming a multilayer thin film. An LbL system can be sta-
bilized by noncovalent interactions (either electrostatic or nonelectrostatic) between
molecular building blocks. Tuning these interactions modifies the position and defines
the orientation of molecular components in a supramolecular architecture [100,101].
LbL has emerged as an attractive technique to modify the surface of substrates, pro-
ducing a highly ordered nanostructured multilayer system. This technique offers great
versatility because it provides control over the construction, applies to any substrate
shape, and can be adapted for automatization. LbL. assembly is an efficient, robust,
flexible, simple, inexpensive, and fast tool to fabricate modified surfaces that can be
applied in optics, energy, catalysis, separation, biomedicine, and sensor technologies
[100—105]. With this method, it is possible to build nanostructured materials with
fine control over film thickness, stiffness, roughness, morphology, film composition,
and mechanical, electrical, and chemical properties [99—101,103—108]. Several depo-
sition methods for LbL assemblies (Fig. 7.4) can be used, such as spin-coating,
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Figure 7.4 (a) Principle of layer-by-layer self-assembly. (b—e) Different methods for layer-by-
layer deposition.

Reprint from M. Criado-Gonzalez, C. Mijangos, R. Hernandez, Polyelectrolyte multilayer films
based on natural polymers: from fundamentals to bio-applications, Polymers 13 (2021) 2254,
which is an open access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license.

spraying, perfusion, and dip-coating, which is the most popular. However, spin-
coating is an alternative because it can be used with supports that present more com-
plex geometries. Hydrodynamic dip-coating, high-gravity field, and inkjet printing are
being explored as deposition techniques [100]. To avoid the cross-contamination of
deposition solutions, a rinsing step with the solvent is necessary. Also, these steps be-
tween each macromolecule deposition remove weakly adsorbed or excess macromol-
ecules on the surface [99—101,104,106].

Because of the predictable attraction between molecules and/or surfaces of opposite
charge densities, the most well-studied systems in LbL assemblies are based on elec-
trostatic interactions [100]. Besides the pH effects explained earlier, ionic strength has
an important effect by screening the charge density, decreasing the intensity of electro-
static interactions. Other solution properties such as the temperature, concentration, or
polarity, also modify this type of interaction. Also, the molecular weight and structure
of the polymer influence the observed behavior. The intensity of polyelectrolyte—
surface and polyelectrolyte—polyelectrolyte interactions in LbL assemblies influences
the growth and thickness of the multilayer film [101,106]. In addition, the use of redox
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polyelectrolytes in electrodes modified by LbL assemblies allows for the fabrication of
an electroactive platform with powerful applications in sensors, biosensors with redox
enzymes, and electrochromic devices [102,105,108]. The properties of the medium
surrounding the adsorbed layers can be significant for their stability and even induce
their desorption. Therefore, it is important to control variables such as the electrical
field, light, temperature, humidity, and contaminants [100,102].

Derivative polymers with osmium, ferrocene, or ruthenium redox centers are the
most well-studied nonconjugated redox polyelectrolytes used in LbL. Electrostatic in-
teractions between these molecules and polyelectrolytes [102,105,109], CRPs [110],
surfactants [111—113], or redox enzymes [114—118] have been used in bioelectrodes
for sensing or energy applications (Table 7.1).

CRPs can also be used as the molecular building block of LbL assemblies. The
incorporation of this type of polymers depends on their electrical conductivity and
the charge of the oxidized/reduced states. CRPs can be assembled with another
CRP, nanoparticles, or polyelectrolytes. The spontaneous process of LbL assembly
could be stimulated using the substrate as electrodes in an electrodeposition process.
This method provides an increase in the density and thickness of polymer deposition.
Table 7.1 shows examples of LbL systems containing conjugated redox polyelectro-
lytes and their main applications.

Table 7.1 Examples of layer-by-layer deposition systems containing redox polyelectrolytes and
their main applications.

Polymer type Polymer Application Reference
Nonconjugated | Branched poly(ethylenimine) | Biosensor [110]
redox with ferrocene/poly(3,4-
polymer ethylenedioxythiophene)

Polyallylamine with osmium | Molecular and stimulus- | [111]
responsive devices

Biosensor [114]
Bienzymatic sensor [115]
Biocathode [118]
Linear poly(ethylenimine) Biobattery and [116]
with ferrocene supercapacitor
Conjugated Poly(p-phenylene vinylene) Nanoparticle [107]
redox preservation
polymer Poly(3,4- Supercapacitor [119]
ethylenedioxythiophene)
and poly(N-methylpyrrole)
Polyaniline nanofibers Energy storage device [120]
Polyaniline Electrochemical [121]
capacitor

Poly(3-aminobenzylamine) Sensor [122]
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Vyas et al. [107] performed a CRP LbL assembly with alternating dip-coating of a
modified gold substrate in poly(p-phenylene vinylene) and poly(sodium 4-
styrenesulfonate) solutions. A similar process with poly(3,4-ethylenedioxythiophene)
and poly(N-methylpyrrole) was used by Aradilla et al. to fabricate a supercapacitor
[119]. Yun et al. [120] described the deposition of positively charged PANI nanofibers
and negatively charged 2D TizC,Tx MXene nanosheet multilayer films as an alternative
material for energy storage devices. Hyder et al. [121] used functionalized multiwalled
CNTs and doped PANI LbL assemblies for electrochemical capacitors. Furthermore, Mar-
misollé et al. integrated poly(3-aminobenzylamine) with polyanions through electrostatic
interactions in modified electrodes that showed a catalytic response for ascorbic acid [ 122].

Enzymes and proteins are polyampholytes with a heterogeneous spatial charge dis-
tribution, which allows them to form electrostatic interactions with other compounds
[123,124]. Owing to its characteristics, an LbL assembly generates a supramolecular
structure that prevents enzyme release and inactivation by degradation or denaturation
[53,124]. Heller’s group [125] pioneered the electrostatic LbL assembly of an NCRP
and GOx, whereas Onda [126] studied enzymes and polymers in multilayer systems,
and Hodak [127] described effective electrical wiring between NCRP and GOx
[114,115,128]. The formed structure has a defined distribution of the components,
improving mass transport and allowing molecular recognition and signal generation
by redox mediation. With this methodology, both the enzyme and polymer could be
quantified by spectroscopic and/or electrochemical techniques [115].

Because of the pH dependence of the enzyme and polymer charge, there is a (some-
times narrow) pH range in which the desired enzyme and polymer can form electro-
static LbL. assemblies. Furthermore, the pH value changes not only the charge sign
but also the charge density of both components, which can modify the intensity of
enzyme—polymer interactions [52,106,123,129]. In addition, the bioactivity of the
immobilized enzyme and the polymer conformation can be pH-dependent, which
may result in less effective electron transfer between redox centers [106,123]. The for-
mation of enzyme—polymer complexes (EPCs) has been studied as an alternative to
avoid electrostatic repulsion between enzymes and polymers with the same charge
sign. EPCs are formed by electrostatic interactions using polymer A, which has an
electrical charge opposite that of the enzyme at a certain pH. This polymer surrounds
the enzyme forming an EPC, which then forms an electrostatic LbL. with polymer B of
a charge opposite that of A (Fig. 7.5a). This strategy has been evaluated for different
enzymes and proteins such as lysozyme, insulin, and GOx, with several polyanions
and polycations [123,124]. LbL assemblies are not limited to NCRPs. Some CRPs,
such as PPy and PANI, have high electron transfer capacity between enzymes and con-
ducting surfaces [130]. Xu et al. [131] adsorbed GOx over PPy by electrostatic inter-
actions between amine and carboxylic groups, and Xue et al. [132] immobilized GOx
on positively charged PANI-polyisoprene for the determination of glucose.

Not only ion concentration but also its nature is important in the construction of LbL
self-assemblies. Dressick et al. studied multilayer systems in the presence of phosphate,
sulfate, acetate, chloride, and fluoride, among other ions [133]. They found that the prop-
erties of the LbL system, such as absorbance or thickness, changed according to the po-
sition of the anion in the Hofmeister series, which considers the capacity of the ion to
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Figure 7.5 Different methods for enzyme immobilization by nonelectrostatic interactions. (a)
Immobilization of a positive enzyme by itself and forming enzyme—polymer complexes with a
polyanion. (b) Enzyme immobilized using layer-by-layer deposition polymer by w—m
stacking interactions. (c) Enzyme ionic cross-linking by phosphate ions. BPEI, branched
poly(ethylenimine); GOx, glucose oxidase.

(a) Adapted with permission from C. Vranckx, L. Lambricht, V. Préat, O. Cornu, C. Dupont-
Gillain, A. Vander Straeten, Layer-by-layer nanoarchitectonics using protein—polyelectrolyte
complexes toward a generalizable tool for protein surface immobilization, Langmuir 38 (2022)
5579—5589, Copyright 2022, American Chemical Society. (c¢) Reprinted with permission from
L.L. Coria-Oriundo, M.L. Cortez, O. Azzaroni, F. Battaglini, Enzymes hosted in redox-active
ionically cross-linked polyelectrolyte networks enable more efficient biofuel cells, Soft Matter.
17 (2021) 5240—5247.

organize or disorganize the structure of water [133,134]. For polyamines, this effect is
even more complex because amines can form hydrogen bonds with sulfate or phosphate
ions, which act as ionic cross-linkers [133,135]. Hydrogen phosphate, for example, has
been reported to form colloidal structures with polyelectrolytes and redox polyelectro-
lytes in LbL assemblies [108,136—138]. The degree of polyelectrolyte protonation
and the phosphate ion concentration determined the degree of phosphate-amine cross-
linking. Also, high ionic strength produces a charge screening effect, intensifying
hydrogen bond interactions [133,136,138]. This principle was applied to construct bio-
sensors and biofuel cells based on enzyme-redox polymer self-assemblies using phos-
phate at high ionic strength, showing the formation of colloidal particles that can be
adsorbed on an electrode surface (Fig. 7.5c) [136,139]. The phosphate ions can also
interact with the enzyme’s basic residues such as lysine or arginine [ 140—142]. Further-
more, the amount of adsorbed enzyme increased in these assemblies, yielding a higher
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catalytic current owing to a gel-like structure in which the redox centers move freely,
generating more effective electronic transfer [136,139].

This discussion clearly shows that the stability of these LbL structures also results
from entropic factors and nonelectrostatic interactions. Thus, researchers began to
explore interactions such as hydrogen bonding, hydrophobic bonding, w—7 stacking,
and host—guest interactions present in LbL assemblies that do not depend on the
charge of the molecular blocks [106,128,143,144]. Stockton and Rubner formed an
LbL assembly by H-bonding interactions using poly(vinylpyrrolidone), poly(vinylal-
cohol), poly(acrylamide), and poly(ethylene oxide) with good reversibility and resis-
tance to high ionic strength [145]. On the other hand, Zeng et al. [144] modified
reduced graphene oxide with pyrene-grafted poly(acrylic acid) (PAA) by t—1t stack-
ing interactions (Fig. 7.5b). The PAA film can be used to deposit a polycation or a
positively charged enzyme. Hydrophobic interactions have also been studied in the
formation of LbL assemblies. Cortez et al. [146] explored introducing an anionic sur-
factant in a polyelectrolyte-enzyme assembly. The surfactant and the polyelectrolyte
interact electrostatically, whereas hydrophobic interactions with the enzyme are
enhanced. In another work, Cortez et al. [147] reported the structure of a supramolec-
ular system formed by a redox polyelectrolyte with lectin units assembled with surfac-
tant and concanavalin A, on which horseradish peroxidase (HRP) is immobilized by
carbohydrate—lectin interactions.

7.2.6 Mechanical immobilization

Some techniques to immobilize molecules on electrodes are based on either the size or
shape of the material with respect to its surrounding environment. The most common
example of these methods is enzyme entrapment. The enzyme is physically trapped in
a matrix that has pores smaller than the enzyme but larger than its substrate. This ma-
trix can be prepared in a variety of ways, including sol-gel, cross-linking and polymer-
ization methods [148]. Alternatively, the enzyme can be trapped in structured voids
covered by semipermeable films [149]. Covalent cross-linking of enzymes to the poly-
mer structure is referred to as entrapment in some publications [150]. However, we
classify those systems as covalent cross-linking based on the main immobilization
principle at play.

CRPs have been used to entrap enzymes because they can be incorporated in the
same step as polymerization. This process is commonly carried out by electrodeposi-
tion using either potentiostatic (controlled potential) or galvanostatic (controlled cur-
rent) techniques. In both cases, electrodeposition can take place continuously or at
short intervals (pulses). Electrodeposition is advantageous because polymer synthesis
and deposition are simultaneous. Besides, accurate control or measurement of the cur-
rent is simple and easily related to the amount of deposited polymer. Integrating the
current, one can find the electric charge employed in the deposition (Q) and relate it
to the film’s thickness (d) according to:

d= a% (7.3)
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where A is the electrode area and « a constant that is determined for each polymer [84].
When using these calculations, however, one must keep in mind that electrodeposition
does not always form smooth layers. Under some circumstances, polymer particles can
be formed, resulting in a rough surface (Fig. 7.6a—c). An advantage of electrodepo-
sition is that the polymers will deposit on the electrode surfaces only where oxidation
takes place. Other methods, such as drop casting, will deposit the polymer on all the
surfaces in contact with the deposition solution. Furthermore, chemical and even
biochemical synthesis and deposition of CRPs have been reported [15,151].

In general, the monomers required to prepare conjugated polymers are poorly sol-
uble in water. Therefore, polymerization is preferably carried out in nonaqueous sol-
vents such as propylene carbonate, acetonitrile, and dichloromethane [84]. However,
these solvents might damage the enzymes. Thus, when enzyme entrapment is carried
out during polymerization, aqueous solutions of moderate pH are required. Pyrrole, N-
methylpyrrole, ortho-phenylenediamine, and 3,4-ethylenedioxythiophene have
comparatively higher solubility in water and therefore have been used to entrap en-
zymes from aqueous buffer solutions [152—155]. When the enzymes are trapped in
the electropolymerized matrix, they are not covalently bonded to the polymer and
are more likely to retain their structure and therefore their activity [156,157]. Although
they are not covalently linked, some interactions can take place between the enzymes
and polymer. However, these are, not fully understood and remain an active field of
study [158]. Among these forces, some ionic attraction can be present because the
oxidized polymers are usually cationic. Enzymes with isoelectric point lower than
the solution pH will therefore be negatively charged and favorably attracted to the
polymer. Evidence for these interactions is that it is more difficult to trap cationic en-
zymes in conjugated polymers [152]. Because of the absence of covalent links, trapped
enzymes are susceptible to leaching. This might be the reason behind the enhanced sta-
bility of poly(ethylene glycol)-conjugated enzymes trapped in a CRP matrix,
compared with the unconjugated enzyme [155].

Some electrodeposited CRP films are robust enough that they can be peeled from
the electrode on which they were deposited. Thus, they can be used as standalone elec-
trodes. Furthermore, some special formulations have been created incorporating poly-
electrolyte counterions during electrodeposition to obtain thermoplastic conjugated
polymers [159]. These can be shaped arbitrarily by melting them into molds [160].
These standalone electrodes can be used by themselves, or they may have another ma-
terial deposited on their surface. Khan and Wernet, for example, deposited platinum
black on a PPy film doped with polyanions and used it for single and multiple enzyme
immobilization [160,161].

NCRPs are not generally suitable for enzyme entrapment because when they are
cross-linked, they form networks with larger pores and severe enzyme leaching.
Instead, these polymers have been entrapped in other polymers. Schuhmann’s group,
for example, trapped Os-modified poly(vinyl-imidazole) and alcohol dehydrogenase
(ADH) inside a Resydrol matrix [162]. This strategy allowed them to use the electro-
chemical wiring of the Os complexes without cross-linking the enzyme to the polymer.
Resydrol deposition was triggered by electrochemical acidification near the electrode,



Semiconducting Polymer Materials for Biosensing Applications

204

U] “I9IUR)) oueIed]) Y3uAdo) y3nory) pakoauod uorsstrad (GO7LE—96T1LE (ST0T) S "apy

DSy ‘uorsaype pue sontadoid orqoydorpAyradns Sunsnlpe 10j sureyo pajeuLiony Jo YISU[ 9y} pue Ioquinu ay} PIs sarmonnsouru owAjod Junonpuod
pansodoponosfe Suronuo)) ‘preninn ‘| ‘uruewe( I, ‘SSIRA-[g [ Woj ‘Ansmuay)) Jo A19100€ [BA0Y oy Jo uorsstuLad yirm pasn a1om sogew] (9—e)
9pono9[R snoiod e uo 1oAe] owkjod paisodoponodoe ue Jo SUDOO[IAIUI [BIIUBYISW JO dNBWAYDS (P) "9pONII

P03 & uo paysodopondo[d auaydornpAxorpaud[Adoid-1 Jo SOATIRALIOP pajeulIonf Jo sageuwl AdoosoIou [BIIayd0nI[e Suruueds (9—e) 9°/ 3InsL

) W, — AR , -




Conjugated and nonconjugated redox polymers 205

allowing significantly more spatial control compared with a drop-cast gel using the
same NCRP.

Finally, polymer layers can mechanically interact with the supports on which they
are deposited. Polymer chains can be entrapped in porous media [163]. Furthermore,
when polymers are prepared while in contact with a surface, they can acquire their
complementary shape. If the surface has voids or pores, the polymer can fill them
creating interlocking structures (Fig. 7.6d). This mechanical interlocking is a known
adhesion mechanism [164] and can increase the stability of the deposit compared
with smooth surfaces. Depending on the nature of the electrode material, these inter-
actions can have a larger role. Highly porous supports made of carbonaceous materials
[165] and metals [166] are particularly suitable for exploiting this potential and
reducing the risk of polymer detachment with use.

7.3 Sensing mechanisms

First-generation biosensing involves a faradaic reaction of one of the reagents or prod-
ucts of the enzymatic reaction (Fig. 7.7a). This strategy has been widely applied in ox-
idases, usually after HyO, production [153], although O, consumption can also be
employed. In electrodes modified with conjugated polymers, there has been discussion
regarding whether the electrochemical reaction takes place at the polymer surface or
the underlying electrode support [167]. In some cases, metal nanoparticles are delib-
erately added to the polymer to improve the electrochemical reaction rate [168]. The
mechanism is usually demonstrated by obtaining the same response without an
enzyme substrate but with HO, additions.

Another mechanism is based on the catalytic regeneration of a redox-active medi-
ator at the electrode surface (Fig. 7.7b). This is the most common mechanism in
NCRPs and is referred to as second-generation amperometric biosensing. We will
use an oxidase-based anode as an example. In an enzymatic cathode, the direction
of the processes (i.e., oxidation vs. reduction) would simply be inverted. In an anode,
the surface electrode reaction is the oxidation of the electroactive mediator. This
oxidized mediator can replace the enzyme’s natural electron acceptor (O, for oxidases)
and react with the reduced enzyme, producing an oxidized enzyme and a reduced
mediator. This reduced mediator can then be oxidized again at the electrode. This cycle
continues as long as the substrate, enzyme, and mediator are present. This system is
similar to a homogeneous catalyst that regenerates the reactant of the electrode reac-
tion. The characteristic response is an increase in the current of the forward electro-
chemical reaction (oxidation of the mediator) with respect to its value in the
absence of the substrate. On the other hand, the reverse electrochemical reaction
(reduction of the mediator) has a decrease in its peak current until it disappears
[169]. In the completely catalytic system, a sigmoidal voltammogram is therefore ob-
tained. This response is favored at low potential scan rates and/or high catalytic rates.
In the case of oxidoreductases immobilized along with NCRPs, this catalytic rate in-
cludes the enzyme kinetics as well as the rates of both the enzyme—mediator and
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Figure 7.7 Different amperometric (a—c) and conductimetric (d—f) sensing strategies using
oxidoreductases and redox polymers. (a) Faradaic reaction of enzymatic product on the
conjugated redox polymer (CRP) or the underlying electrode (first generation). (b) Mediated
electron transfer through a nonconjugated redox polymer (NCRP) (second generation). (c)
Direct electron transfer from the enzyme to the CRP (third generation). (d) CRP conductivity
change by enzymatic oxidation. (e) CRP conductivity change by oxidation with an enzymatic
product. (f) CRP conductivity change by environmental pH change.

mediator—mediator electron transfer until the electrons reach the electrode surface.
Although cyclic voltammetry is useful for demonstrating the principle of this mecha-
nism, chronoamperometry is usually employed for sensing, following the forward re-
action at values slightly higher (lower for the cathode) than the peak found in the cyclic
voltammogram.

Direct electron transfer (DET) between oxidoreductases and the electrode has been
employed as a sensing strategy termed third-generation faradaic enzymatic biosensing
(Fig. 7.7¢) [170—172]. In this case, the enzyme cofactor must be close enough to the
electrode surface for the process to be feasible with appreciable kinetics. The addition
of a CRP increases the electrically conductive area and therefore the amount of enzyme
that can be immobilized nearby [173]. The sensing mechanism relies on the electro-
chemical regeneration of the enzyme cofactor to its active state (e.g., oxidized for
an anode). Evidence for this mechanism includes cyclic voltammograms showing
peaks attributed to the cofactor of immobilized enzymes. However, it has been sug-
gested that complementary evidence such as product analysis, inhibition studies,
and even mutations are required to prove DET unequivocally [174].

Another sensing mechanism that is popular for CRPs varies the conductivity of a
thin layer of polymer placed between two electrodes, termed source and drain, similar
to that for transistors. These electrodes can be polarized with respect to a reference and
counter-electrodes (collectively termed gate) that are immersed in the same electrolyte
solution. This setup is sometimes referred to as a class of field effect transistors (FETSs).
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However, it has substantial differences from real FETs and bio-FETs. First, the gate is
not employed to apply an electric field directly, but rather to control the redox state
(doping) of the conjugated polymer before or during the experiment. Second, changes
in the conductivity of the polymer layer (the channel) are not the direct result of a
change in the surrounding electric field. Instead, they are brought about by chemical
changes in the conjugated polymer.

A few different strategies have been proposed to create a dependence of the conduc-
tivity on the analyte concentration (enzyme substrate). Bartlett and Birkin devised a
mediated system in which the polymer served as the final electron acceptor of GOx
(Fig. 7.7d). Therefore, the conjugated polymer became reduced as the enzyme reaction
took place, changing its conductivity [175]. Other approaches have relied on the ef-
fects of the enzymatic reaction by-products. Oxidants (such as H,O;) have been sug-
gested to oxidize the conjugated polymer, increasing its doping (Fig. 7.7e) [176].
However, care must be taken because the conductivity or PPy can be irreversibly
lost owing to excessive oxidation by H,O, [167]. Another strategy exploits the depen-
dence of polymer conductivity on the pH owing to the accumulation of a reaction prod-
uct with acid/base properties near the electrode (Fig. 7.7f) [177].

7.4 Practical examples in biosensing

7.4.1 Oxidases

Oxidases are the most widely studied group of oxidoreductases for the development of
electrochemical biosensors. These enzymes catalyze oxidation/reduction reactions us-
ing molecular oxygen as the final electron acceptor, resulting in the production of wa-
ter and hydrogen peroxide [178]. Combining oxidases with CRPs and NCRPs has
greatly improved the efficiency of enzyme immobilization, electronic transfer, sensi-
tivity, and other aspects of the developed devices. GOx is the most reported oxidase
in the literature, followed by laccases.

GOkx is the reference model for the research and development of oxidase-based bio-
sensors. Most GOx-based devices for glucose measurement are amperometric. Singh
[179], Zhao [180], and Lai [181] reviewed the integration of GOx with popular CRPs.
Conjugated polymers have been used by themselves as enzyme immobilization
matrices on first-generation electrodes [81,82,167] or mixed with nanoparticles,
CNTs, and other nanostructures to increase the surface area, allowing for higher
GOx loadings and better electron transfer [182]. Incorporating Pt nanoparticles in
PANI [168] or together with CNTs (Fig. 7.8) [183] has been shown to improve the
sensitivity, stability, and response time of first-generation systems by catalyzing
H,0, oxidation.

In other cases, GOx has been employed in second-generation biosensors using arti-
ficial electron mediators such as Os complexes, ferrocene derivatives, and methylene
blue. To work with conjugated polymers, these mediators have been entrapped in the
polymer [83,184], deposited as a separate layer [80], or simply absorbed in the porous
structure [185]. Similarly, nonconjugated polymers that have these mediators in their
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structure have been employed [186—191]. Incorporating artificial mediators into the
system enables the reoxidation of reduced GOx, generating a reuse cycle and
improving charge transport, which translates into better sensitivity.

Efforts have been made to reduce manufacturing costs and system complexity by
eliminating the use of redox mediators [155]. However, the active site of GOx is inad-
equate for DET because it is deeply embedded within the enzyme and protected by a
glycoprotein shell. Nevertheless, several groups reported DET between the flavin
adenine dinucleotide (FAD) cofactor in GOx and the surface of electrodes containing
CRPs [192—196]. These claims have been based, among other evidence, on cyclic vol-
tammograms showing a pair of redox peaks assigned to the FAD in the active enzyme.
However, the significance of the experimental results has been questioned
[174,197—199]. Critics argue that the observed response may be explained by the
release of cofactors from inactivated enzymes or impurities, rather than by DET.
This issue is not limited to conjugated polymer electrodes; it is a general problem
with DET claims in GOx. Therefore, readers should exercise caution when interpreting
the presented evidence.

GOx has also been employed in nonfaradaic sensors. Potentiometric sensors, for
instance, use the glucose-dependent potential of PPy/GOx films as a sensing mecha-
nism, which can be explained by pH changes caused by gluconic acid produced by
the enzymatic reaction or by the effect of the produced H>,O, [200]. GOx has also
been incorporated into thin film transistors made of CRPs, in which the production
of HyO; increases the oxidation state of the polymer, resulting in higher currents be-
tween the source and drain electrodes [176,201]. Hoa et al. immobilized GOXx in a
PANI electrode and attributed the change in resistance to the pH shift owing to the
accumulation of gluconic acid near the polymer [177].

Laccases belong to the multicopper oxidase family [202—204], which contains four
copper atoms in the active site. A mononuclear center contains one type I Cu atom and
a trinuclear cluster is formed by one type II Cu atom and two type III Cu atoms.
Whereas substrate oxidation occurs at the mononuclear center, the trinuclear cluster
is responsible for the four-electron reduction of oxygen to water [205—207]. Laccases
can oxidize a wide range of phenolic and nonphenolic compounds, with and without
redox mediators, which makes them attractive for various applications, including bio-
sensors [202,207—210]. The redox potential of laccases varies according to their
origin, which is mainly associated with the ligand of the type I Cu atom. High potential
laccases are found only in Basidiomycete fungi, medium-potential laccases in fungi
and bacteria, and low-potential laccases in plants and bacteria [131,203,211].

Chawla et al. cross-linked Ganoderma sp. laccase with GA on a modified electrode
with CNTs, PANI, Cu nanoparticles, and chitosan for polyphenol biosensing [210].
Another study reported the covalent immobilization of laccase on an electrode with
PANI bonded to CNTs and Ni nanoparticles [212]. Kushwah et al. electrostatically
immobilized Pleurotus ostreatus laccase to PANI films over ITO for use as phenol
amperometric biosensors in industrial effluents [213]. Soylemez et al. prepared an
amperometric biosensor for catechol determination in environmental samples [214].
They modified the electrode with the conjugate polymer thienothiophene-
bezoxadiazole-alt-benzodithiophene, to which Trametes versicolor laccase was
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cross-linked. Cevher et al. proposed an indenoquinoxalinone-based CRP as a matrix to
immobilize 7. versicolor laccase to obtain a catechol amperometric biosensor for tap
water [215]. Ferry and Leech reported the performance of a catecholamine ampero-
metric biosensor using an Os complex bonded to poly-(N-vinylimidazole) and
T. versicolor laccase cross-linked with PEGDGE [216].

Other oxidases have been reported in combination with different conjugated and
nonconjugated polymers for use in electrochemical biosensors. Examples include
the use of chitosan-PPy-Au nanoparticles and xanthine oxidase for the determination
of xanthine in fish, chicken, and beef [217]. Also, cholesterol detection has been car-
ried out using cholesterol oxidase and polymers of thiophene [218,219], aniline [219],
and pyrrole [220] derivatives. Catechol has been quantified using polyphenol oxidase
immobilized into PANI [221]. Lactate oxidase has been extensively studied in combi-
nation with different redox polymers [222]. Pyranose oxidase, which can recognize
both o- and B-anomers of glucose, has been used in combination with poly(1-
vinylimidazole)- and poly(vinylpyridine)-based polymers modified with osmium com-
plexes [223]. Finally, urate oxidase incorporated in poly(N-methylpyrrole) has been
employed to detect uric acid in a bipotentiostatic arrangement to record background
currents simultaneously [153].

7.4.2 Dehydrogenases

The presence of oxygen can affect the response of bioelectrodes modified with oxi-
dases that use oxygen as a natural electron acceptor. In these systems, O, competes
with the redox mediator as an electron acceptor, affecting the current density output
and their performance [224,225]. Therefore, glucose dehydrogenase (GDH), pyranose
dehydrogenase, ADH, lactate dehydrogenase (LDH), and cellobiose dehydrogenase
have been used instead of their corresponding oxidases [225—229].

The group of GDHs includes enzymes that employ pyrroloquinoline (PQQ), B-
nicotinamide adenine dinucleotide (NAD), and FAD as cofactors. These dehydroge-
nases have different properties such as the redox potential or substrate selectivity
[230,231]. Unlike the FAD cofactor in GOx, cofactors in GDHs do not become
oxidized in the presence of oxygen. Antiochia and Gorton immobilized NAD-GDH
with an Os-based redox polymer over CNT paste, using PEGDGE as a cross-linker
to obtain a glucose biosensor [232]. Du et al. employed NAD-GDH immobilized on
CNTs functionalized with a CRP (poly[nile blue A]) as a dehydrogenase-based
glucose amperometric biosensor [233]. Flexer and Mano modified electrodes immobi-
lizing PQQ-GDH and osmium-poly(4-vinylpyridine) as a redox polymer by cross-
linking with PEGDGE [234]. The electrode was used as a glucose biosensor and
produced a higher response than a similar system with GOx. Habermuller et al.
described using an osmium complex-pyrrole derivative/pyrrole conducting copolymer
with PQQ-GDH as a glucose biosensor [235]. Gladisch et al. fabricated a bioelectrode
for glucose concentration control using sulfonated PANI-conducting fibers covalently
bonded to PQQ-GDH [236]. Calvo et al. built a bienzymatic electrode with GOX,
NAD-GDH, and an NCRP (Os complex bonded to polyallylamine) through LbL as-
sembly [115]. The authors found that NAD-GDH catalyzed the conversion of gluconic
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acid back to glucose, generating signal amplification through continuous substrate
renovation. Pyranose dehydrogenase has been used with an Os-based polymer to
oxidize aldopyranoses, including glucose, cellobiose, maltotriose, trehalose, and
xylose without anomer selectivity [229].

On the other hand, an enzyme commonly used for ethanol oxidation is ADH, which
uses NAD or PQQ as a cofactor [237,238]. Bilgi et al. modified screen-printed elec-
trodes with CNTs, gold nanoparticles, CRP polyneutral red, and NAD-ADH cross-
linked with GA, for use as an ethanol biosensor [237]. Niculescu et al. developed
an ethanol biosensor using a hydrogel formed with an Os complex bonded to (1-
vynilimidazole) and PQQ-ADH cross-linked with PEGDGE [239]. The authors
used this biosensor to analyze wine and integrated it into an automatic analyzer,
improving its performance for industrial conditions. Ramanavicius et al. reported
DET between PPy and an ADH that used PQQ and heme groups as cofactors [173].

The determination of lactate in plasma is important to diagnose different diseases
[240—242]. Malhotra’s group studied the immobilization of LDH on PPy-
polyvinylsulfonate composites and PANI films, by cross-linking with GA and by elec-
trostatic interactions, respectively, for lactate biosensing [240,241]. Rahman et al.
covalently immobilized NAD and LDH on CRP poly-5,2'-5",2"-terthiophene-
3’carboxylic acid [242]. The bioelectrode was used to determine lactate concentrations
in commercial milk and human serum samples by an amperometric technique. Hussain
et al. (Fig. 7.9) fabricated a lactate amperometric nano-biosensor immobilizing NAD™
and LDH on a bifunctionalized conjugated polymer (poly 3-[(2,2":5’,2" -terthiophen)-
3’-yl]-5-aminobenzoic acid) [243].

7.4.3 Peroxidases

Peroxidases are enzymes that catalyze the reduction of peroxides. Among them, the
most employed is HRP. Unsurprisingly, many H,O, sensors have been reported using
HRP and redox polymers. For example, second-generation sensors have been designed
using poly(4-vinylpyridine) derivatives with Os(bipy)3" pendant groups. Different
tethers have been tested, with the result that longer ones yielded higher currents
because of their higher flexibility, reflected in better self-exchange reactions [244].
Owing to an exposed active center, this enzyme has been reported to undergo DET
with the electrode. The addition of a conjugated polymer 5,2":5’,2"-terthiophene-3’-
carboxylic acid polymer layer on a carbon electrode improved the electron transfer
rate constant [245]. Peroxide reduction by HRP has also been exploited to design
multienzyme assays in which HRP is used to reduce the H,O, produced by oxidases.
This is particularly advantageous for overcoming the problem of coupling oxidases
that are highly selective to O, as an electron acceptor to a redox mediator in a polymer.
This is the case, for example, of choline oxidase [246].

However, the more interesting uses of this enzyme come from the concomitant
oxidation of organic compounds that takes place during peroxide reduction. The
exposed active center makes HRP able to oxidize a large variety of organic com-
pounds. This poor selectivity is useful in competition assays in which the presence
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Figure 7.9 Detection mechanism (a) and preparation (b) of a lactate amperometric
nanobiosensor in which lactate dehydrogenase (LDH) and B-nicotinamide adenine
dinucleotide (NAD™) are immobilized in the amine and carboxylic groups of a conjugated
redox polymer, respectively. EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide. NHS, N-
hydroxysuccinimide; TTABA, poly 3-((2,2":5',2"-terthiophen)-3’-yl)-5-aminobenzoic acid.
Reprinted from K.K. Hussain, N.G. Gurudatt, M.H. Akhtar, K.D. Seo, D.S. Park, Y.B. Shim,
Nano-biosensor for the in vitro lactate detection using bi-functionalized conducting polymer/N,
S-doped carbon; the effect of «CHC inhibitor on lactate level in cancer cell lines, Biosens.
Bioelectron. 155 (2022) 112094; Copyright (2022), with permission from Elsevier.
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of one of the substrates modifies the rate at which the other one is oxidized. For
example, Spychalska [84] adapted a sensor developed by Monerris [247], in which
17B-estradiol (17B-E) and pyrocatechol (H,Q) are oxidized by HRP. The product of
the H,Q oxidation is benzoquinone, which can be reduced back to H,Q on the
electrode surface. Therefore, this reduction current is inversely proportional to the
17B-E concentration in the original sample. In Spychalska’s approach, enzyme immo-
bilization on a conjugated polymer is simpler and less expensive than the antibody/
nanoparticle/SAM structure in Monerris’ work.

7.5 Conclusion and perspectives

Throughout this text, we have explored approaches in which two kinds of redox poly-
mers have been used for oxidoreductase-based biosensing. NCRPs excel in their appli-
cation as mediators in second-generation faradaic biosensors. On the other hand, CRPs
are more versatile. They are used as supports in first- or third-generation faradaic
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biosensors, or in conductimetric transistor-like biosensors. Future developments may
combine both charge transport principles by having redox-active entities in conjunc-
tion with conjugated backbones. This can be achieved by mixing conjugated polymers
with free mediators or with nonconjugated polymers containing redox pendant groups.
Furthermore, the inclusion of redox pendant groups in conjugated polymers has been
reported [248—252]. Although most studies focus on energy applications, they can be
applied in biosensors. It is expected that the number of publications in this field will
increase. The ability to deposit conjugated polymers by electropolymerization is
also expected to have an important role in miniaturization. In particular, incorporating
electrochemical biosensors in microfluidic and lab-on-a-chip systems demands the
continuous miniaturization of sensing electrodes. Compared with photolithography,
electropolymerization can be a simpler strategy to achieve reproducible electrode
modification at the required scale.
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