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Abstract

Polymers and their composites have introduced significant advancements in engineering
and technology. The primary advantages of polymeric materials include their lightweight
nature, ease of manufacturing, anti-corrosion properties, reduced power consumption
during assembly and integration, as well as enhanced stiffness, durability, and fatigue
resistance. Polymer coatings with conductive polymers allow efficient charge transfer and
make electrodes more flexible, helping them better match the mechanical properties of soft
tissues. In addition, polymer coatings can protect electrodes from corrosion, reduce biofoul-
ing, and provide sites for attaching biomolecules, making them essential for reliable and
long-term bioelectrode and biosensor performance. Polymer coatings for electrochemical
bioelectrodes play a crucial role in enhancing sensor performance and stability in biological
environments as they improve the interaction between electronic devices and biological
tissues. These coatings enhance biocompatibility by reducing inflammation and tissue
damage while also lowering electrode impedance to improve signal quality. The present
review focuses on the most recent developments in polymer coatings for electrochemical
biosensors and respective applications. The manuscript provides an overview of polymer
materials, emerging strategies, coating approaches, and the resulting enhancements in
bioelectrochemical applications.

Keywords: polymer coatings; electrochemistry; bioelectrochemistry; sensors; biosensors;
shelf-life

1. Introduction

At present, the majority of commercial bioelectrochemical devices are engineered
for single-use applications or are not suitable for extended storage times. The significant
challenge lies in the production of commercial products designed for long-term and/or
multiple use and/or prolonged shelf-life functionality. This can be achieved by deploying
functionalized and/or protective coatings [1]. Coatings have been always of significant
value as a vital subject within the scientific community, primarily due to their ability
to integrate the bulk properties of a substrate with the customizable functionalities of
a surface layer, as well as the range of available deposition techniques. Coatings can
offer improved functionality through the incorporation of functional additives at minimal
concentrations. By incorporating these components, the properties of the coatings are
substantially enhanced, rendering them versatile and appropriate for a broad spectrum
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of applications. Furthermore, coatings diminish maintenance expenses and prolong the
durability of products [2].

Electrochemical biosensors consist of two primary components, a biochemically sensi-
tive layer that facilitates biochemical detection, and a signal converter that transforms the
chemical output into an electrical signal. When the chemically responsive component is
substituted with a biological one, the apparatus is referred to as a biosensor (Figure 1). The
integration of biochemical processes with physicochemical sensors allows biosensors to
deliver analytical results based on a robust technology platform [3].
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Figure 1. Elements and selected components of a typical biosensor [4].

Electrochemical biosensors are used for the determination of analytes (biological or
chemical) by deploying biological components, which are sensitive to changes in ambient
conditions and parameters like high temperatures, low or no humidity, and chemical com-
ponents that could lead to their inactivation [5]. The main benefit of using electrochemical
biosensors relies on their fast response from seconds to a few minutes [6]. Electrochem-
ical, electro-biochemical, and biosensor devices demand robust and repeatable signals,
especially regarding the immobilization of biological entities, including microorganisms,
cells, proteins, coenzymes, vitamins, DNA (Deoxyribonucleic Acid), and peptides onto the
electrode’s substrate [5,7]. The application of polymer-based nanocomposites has garnered
considerable interest as a strategy for improving biosensor performance [8].

The stability, repeatability, shelf-life, and operational lifetime of a biosensor are opera-
tional parameters that define its device function. The capacity of a device to maintain its
analytical and structural properties during a testing procedure is a measure of its stability.
The integration of the biological component with the transducer and the sensor operational
mode are crucial factors. Degradation of the biological constituent or sensor fouling are
additional potential causes of sensor instability. Further, it is of utmost importance to pro-
tect the biosensing electrodes to prevent them from damage and to ensure stable responses
even after long shelf-life. The protective layer should not interact with the active electrode
in such a way that its performance is diminished or totally deactivated.

The shelf-life denotes the duration during which the sensor maintains its analytical
properties while in storage, with bioelement stability being the critical constraint. The
operational lifespan of an enzymatic electrode often relies on the preservation of the en-
zyme’s biological activity. The duration may range from days to months, contingent
upon the enzyme’s stability, the manufacturing process, and the operational and storage
circumstances [9]. Besides increasing the shelf-life, it is important to be able to predict
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it. Panjan and coworkers [10] presented a mathematical model derived from a series of
laboratory experiments that analyze the effects of accelerated aging at elevated temper-
atures on glucose-oxidase-modified screen-printed electrodes, serving as a framework
for electrochemical biosensors. Operational stability, also known as ruggedness, pertains
to a device’s capability to function effectively under specified working conditions. This
concept is characterized by a design and validation that are fit for purpose, along with
considerations for device assembly and packaging [11]. The stability during storage and the
stability during operation are essential attributes of a biosensor, particularly when aiming
for commercialization [12].

Specialized enzyme and aptamer-based biosensors can be designed to detect target
analyte concentrations in biofluids at low levels. Electrochemical sensors perform a redox
reaction resulting in a signal by direct or indirect detection of the analyte of interest. In
enzymatic electrochemical sensors, the enzyme facilitates the chemical conversion of the
target analyte, while the electrode detects the resulting redox-active species. Consequently,
enzymatic electrochemical sensors are especially sensitive to redox-active interferences,
which can generate a signal enhancement unrelated to the targeted analyte [13,14]. Enzymes
serve as biochemical catalysts, facilitating the transformation of substrates into products by
reducing the activation energy required for the reaction. Enzymatic electrochemical sensors
are especially vulnerable to redox-active interferences, which elevate analyte detection
limits and complicate physiological measurements. Consequently, a comprehensive study
has been conducted to devise multiple techniques to alleviate such interferences [14]. The
idea behind the present review regarding extension of shelf-life of bioelectrodes is to be able
to protect bioelectrodes based on enzymes, bacteria, aptamers, etc., and thus extend their
shelf-life by covering them with an easily removable protective coating by either chemical
or electrochemical means.

2. Application Fields of Polymer Coatings

Electrochemical biosensors are optimal for point-of-care (POC), a quantitative assess-
ment of catalytic and affinity biorecognition phenomena, since they effectively convert
biological processes into electrical data and provide seamless integration with embedded
electronic devices [15].

Nanocomposites derived from polymers have garnered considerable interest as sen-
sor materials, presenting potential applications across various domains, such as clinical
diagnostics, biomedical research, pharmaceutical sectors, and environmental monitor-
ing. Especially, they have attracted considerable interest in biological sensing because
they combine the mechanical flexibility of polymers with the high electrical conductivity,
large surface area and porosity, improved enzymatic/catalytic efficiency, and outstanding
biological compatibility of nanometric structures (Table 1).

Table 1. Overview of polymer coating strategies used in electrochemical bioelectrodes.

Polymer . . Functional Role in . s
Polymer Strategy Material/System Key Design Principles Bioelectrodes Typical Applications
Hydration-layer formation; Reduction of non-specific
Antifouling coatings Poly(HPMA) brushes  steric repulsion due to protein adsorption; signal ~ Implantable biosensors [16]
highly hydrated chains stability
Polyacrylamide Hydrophilic polymer Biofouling reduction;

hydrogels

network; resistance to
protein adsorption

lifetime enhancement Implantable biosensors [17]

Biocompatible interfaces
(bioelectronics)

Organic monolayer
coatings

Surface energy control;
reduced inflammatory
response

Improved tissue-electrode

. . Implantable bioelectronics [18]
integration
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Table 1. Cont.

Polymer . . Functional Role in . c

Polymer Strategy Material/System Key Design Principles Bioelectrodes Typical Applications
O . Amme an.d hydroxyl groups; Enzyme immobilization; .
Immobilization matrices . film-forming; Biosensors, drug
. Chitosan ¢ enhanced electron transfer; .
(polysaccharides) pH-responsive; .. delivery [13,19,20]
bi . permselectivity
iocompatible
Algina te Ionotroplc gelatlon Enzyme entrapment;

(Ca?* crosslinked)

(“egg-box” model); mild
aqueous processing

protective diffusion
barrier

Glucose biosensors [21]

Thermoreversible physical

Mechanical stabilization;

Bioelectrode

Agar/agarose gelation; hydrogen bonding  diffusion control immobilization [22]
Water solubility; e

Pullulan film-forming ability; Enzyme stablhzat%on, Protective coatings [23]
oxygen barrier removable protective layer
Mild gelation; Long-term enzyme

Starch-based gels biodegradability; stabiglit y Enzymatic biosensors [24,25]
tunable porosity Y

s e . . Multilayer structure; .
Hybrid immobilization =~ Chitosan-alginate Improved stability and

systems

composites

electrostatic and
ionic interactions

mass transport

Biosensors [26]

Removable protective
layers

Chitosan, alginate,
pullulan

Water solubility or
ion-exchange-triggered
dissolution

Shelf-life extension;
on-demand activation

Bioelectrode
packaging [23,27]

Conductive polymers

PEDOT, PEDOT:PSS

High electronic conductivity;
electrochemical stability

Signal transduction;
real-time sensing

Health monitoring [28,29]

Conductive network

Conductive hydrogels PEDOT:PSS-based combined with high Wearable and . Electronic skin [30,31]
hydrogels implantable sensing
water content

Nanocomposite Au@PANT networks Nanostructured conductive  Increased power den.s.lty Enzymatic biofuel cells [32]
electrodes pathways and operational stability
Application-specific CA/CS drug-loaded Mthanlcal matching; Reduced inflammation;

. anti-inflammatory b Neural electrodes [33]
coatings hydrogels prolonged lifetime

drug release

The integration of biomolecules into such nanocomposites results in improved

polymer-bio interfaces that boost electrochemical signal transduction, identification of
molecules, and surface stability, which are essential for attaining high sensitivity and se-
lectivity in applications across various domains, such as clinical diagnostics, biomedical
research, pharmaceutical industries, and environmental monitoring [7,34,35]. In Table 2
the suitability and application of various polymer classes for enzymatic, nucleic acid, and
implantable electrochemical biosensors are presented.

There is a lot of interest in technologies that use capture probes, which are stuck to
three-dimensional (3D) surfaces as they have more binding sites than regular 2D surface
coatings, which makes them more sensitive and specific [36]. Combining three-dimensional
(3D) structured materials can make biosensors work better by giving biorecognition probes
more surface area to attach to and making signal transduction mechanisms work better.
Biosensor technologies have used a variety of probes as each type of probe has its own
advantages in terms of binding efficiency and signal amplification [37,38]. When these
probes are fixed to advanced three-dimensional structures, e.g., graphene, hydrogel, and
porous silica, they make the sensors work much better. For example, 3D graphene oxide
frameworks improve electrochemical performance by making it easier for electrons to move,
whereas hydrogels are the best biocompatible matrix for capturing biomolecules [39].
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Table 2. Suitability and application of various polymer classes for enzymatic, nucleic acid, and

implantable electrochemical biosensors.

Polymer/Material Enzymatic Assays Nucleic Acid/Aptamer Implantable./Long-Term Ref.
Class Assays Devices
Very suitable; provides an Limited; 3D .. . .
. . e frameworks are Limited; primarily used
. ideal immobilization .
Chitosan - . generally preferred as an easily removable [19,20,40,41]
matrix for enzymes like . .
over 2D coatings for protective layer.
GOx and laccase. . O
higher sensitivity.
Alginate Suitable; used for Limited; can be removed
(Ca2 *-cfosslinke d) entrapment in hydrogel Poor non-destructively [21,40,42,43]
beads or thin films. using PBS.
Suitable; enhances catalytic
Pullulan stability and reusability Limited Limited [23,44,45]
when co-entrapped
with enzymes.
Suitable; matrices used for
Starch enzyme entrapment under Poor Limited [24,25,28,29,46]
mild conditions.
Suitable; applied in Suitable; CA/CS
Cellulose and . /PP Suitable; used in hybrid hydrogels reduce
L. biocatalysis and food . . . . [31,47-49]
derivatives rocessin hydrogel coatings. inflammation, used in
P 8 neural electrodes.
Suitable; serves as an Suitable; 3D structured  Very suitable; mimics soft
Hydrogels (Composite) optimal biocompatible hydrogels offer more tissue to reduce [1,50-52]
yarog p matrix for capturing binding sites than inflammation and match !
biomolecules. 2D surfaces. mechanical properties.
Very suitable; provides e .
Polypyrrole (PPy) high electrical conductivity Suitable Limited; stiff and frlable [1,53-55]
as a stand-alone material.
for charge transfer.
Polyindole (PIN) Suitable. Suitable Limited [55,56]
. . Very suitable; applied for
] Very suitable; exceptional . S
PEDO.T'PSS/ chemical stability and Suitable real—.tlme .momtormg of [20,28,29,57,58]
Polythiophenes . . physiological parameters
enhanced conductivity. .
in living cells.
Suitable; unique structured
networks (e.g., Au@PANI)
Polyaniline (PANT) improve electrical Suitable Limited [32,53,59,60]
connectivity in
bioelectrodes.
Very suitable; acts as a .
; Very suitable; as
. ® _ “ ’” y ’
Nafion /'Perm gateke.e per” to block Suitable antifouling protective [61-63]
selective redox-active interferences
. . . overlay
via electrostatic repulsion.
Most suitable; creates a
e Suitable, if used for . hydration layer th.a.t
Zwitterionic Polymers . . Suitable prevents non-specific [1,64]
protein absorption. . .
protein adhesion
and fouling.
Suitable; used for
Polysulfone (PSF) immobilization on Suitable Suitable, due to [,65,66]

transducer surfaces via
physical adsorption.

biocompatibility.
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2.1. Anti-Biofouling

Fouling of bioelectrodes refers to the passivation of an electrode surface by a compound
that creates a progressively impermeable coating leading to lowered sensitivity of the
biosensor because the contact of the analyte with the surface electrode becomes hindered
and the electron transfer less possible. Fouling is a widespread problem with consequences
spanning various domains, including daily life, healthcare, and the environment. It has
the capacity to undermine the sensing performance and normal operational condition of
the involved interfaces, thereby reducing the operational lifetime of the devices. Electrode
fouling, frequently occurring in electrochemical studies, leads to a deterioration in signal
responsiveness over successive experiments [67,68].

The fouling can result from, for example, the development of a passive polymeric
coating on the electrode surface. During anodic oxidation processes of potential polymer-
building blocks, radicals are generated, which subsequently pair to produce dimers or
oligomers, ultimately resulting in the deposition of a polymeric coating on the electrode
surface. This polymeric film is robust, thermally stable, and chemically inert, resulting in
minimal oxidation or hydrolysis in both acidic and basic environments (Figure 2). The
films exhibit low permeability and significant adherence to the electrode, obstructing the
surface and resulting in electrode fouling [64,69]. Anti-fouling agents can be applied
to change the properties of the electrode-surface and thus to avoid fouling. For bio-
electrochemical applications the used surface modifying agents must be biocompatible.
There are several mechanisms involved in how the agents are acting in order to minimize
or eliminate bioelectrode fouling. Such mechanisms include (a) formation of a hydra-
tion layer that increases hydrophilicity, (b) steric repulsion, (c) electrostatic repulsion, or
(d) changes in the surface topography, which leads to changes in hydrophilicity or hy-
drophobicity of the bioelectrode surface [50]. Wang et al. [70] have successfully prepared
and applied poly[N-(2-hydroxypropyl) methacrylamide] (poly(HPMA)) brushes prepared
using solution and surface-initiated RAFT polymerization as anti-fouling agents. Chan
and colleagues [51] have applied polyacrylamide hydrogels in implantable biosensors
and increased successfully the operational lifetime of the devices. According to Zinggeler
etal. [71], polymer-based composite electrodes, e.g., with CNTs, can be manufactured by
deploying the ink-printing method.

One must distinguish between anti-biofouling materials and actions for implantable
devices and externally used bioelectrochemical sensors. Biological contamination sig-
nificantly hinders the advancement and utilization of medical equipment, resulting in
substantial health risks and high costs. Biocontamination of surgical wounds [72], medical
devices [73], and drug delivery systems [74] can result in significant infections, body re-
sponses, or even device failure. The implantation of a foreign body triggers adverse tissue
reactions termed the foreign body response (FBR), which physically separates the biosensor
from relevant analytes, undermines device functionality, and promotes biofilm formation,
thereby increasing the risk of infection and implant failure [75].

Biological contamination is chiefly attributed to the non-specific adhesion of biomacro-
molecules, predominantly proteins. Non-specific protein adhesion is typically regarded as
the initial phase of biological contamination, and it is widely recognized that hydrophilic
surfaces can significantly diminish protein adsorption. Research indicates that surfaces
exhibiting elevated surface-free energy comparable to the one of water, can inhibit protein
adsorption owing to the formation of a hydrated layer. The surface prefers to be in contact
with water instead of other species because of the reduced interfacial energy [76,77]. Many
anti-biofouling materials have been developed based on this principle. Coatings utilizing
contact-killing mechanisms can be efficacious without negatively impacting adjacent tissue;
yet, they are susceptible to biofouling due to the accumulation of deceased microbes on their
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surface [40]. Zwitterionic-based coatings (see also Section 3.5) are the most efficient and
attractive solution for addressing biological contamination. Recently, zwitterionic polymers
exhibiting ultra-low protein adsorption and superior biocompatibility have emerged as a
focal point of study for next-generation antifouling materials, garnering significant interest
in biomedical applications. The repeating unit possesses a pair of opposing charges, yet the
entire molecule remains electrically neutral, exhibiting super-hydrophilic characteristics.

Peptides and peptoid- | Thiolated
based materials monolayers

Polymers Hydrogels

ANTIFOULING (BIO)MATERIALS

Figure 2. Antifouling biomaterials. Reproduced from [64] with permission.

A successful antifouling electrochemical monitoring system must exhibit essential
characteristics, including cost-effectiveness, high sensitivity, long-term stability, and excel-
lent biocompatibility. Antifouling coatings encounter difficulties in achieving economical
competitiveness; although they provide good resistance to biofouling, they frequently result
in electrode passivation, particularly at the high densities required to inhibit biomolecular
attachment. The incorporation of conducting polymers into the system—whether in con-
junction with other materials or as the principal layer for antifouling molecules—augments
electron transfer efficiency, and thus enhances electrochemical sensitivity [1].

2.2. Enhanced Biocompatibility/Bioelectronics

Bioelectronic treatment has advanced significantly in the past decade. Devices that
manage cardiac arrhythmia with electrical stimulation are referred to as cardiac pacemakers,
representing the first wave of electronic devices [42]. Despite the potential of biomedical
implants to enhance quality of life, post-implantation complications remain a concern.
Numerous challenges remain to be addressed before technology can achieve its full po-
tential, including restricted biocompatibility, potential corrosion of the interface material,
and mechanical mismatch at the tissue/electrode interface, all of which significantly affect
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the device’s performance, often resulting in persistent inflammation and scarring [78,79].
Organic monolayer-based coatings are a viable solution to the significant constraints of
implantable biomaterials, such as restricted biocompatibility, susceptibility to biofouling,
bacterial colonization, and stability in in vivo environments [80].

2.3. Polymers for Immobilization of Active Bioelectrode Components

Electrochemical biosensor systems necessitate robustness and consistency in responses,
especially regarding the immobilization of biological entities, including microorganisms,
cells, proteins, coenzymes, vitamins, DNA, and polypeptides onto the transducer surface
by physical adsorption, hydrogels, membranes, or covalent bonds [8,81]. This immobi-
lization is typically achieved through techniques like physical adsorption, crosslinking,
covalent binding, and embedding inside gels, membranes, and sol-gels. The utilization
of electropolymerized polymeric nanocomposites has garnered considerable interest as a
strategy for improving biosensor efficiency [7]. In order to achieve short response times
and high sensitivity, mainly electrically conductive polymers and composites are used
for immobilization. Because of the large diameter of biomolecules, it is of utmost impor-
tance to achieve (a) confinement of the molecule very close to the electrode support so
that electrons can be transferred from the electrode to the biomolecule and vice versa and
(b) the stereochemistry of the confined biomolecule should allow the reaction (not hide the
active centers for attaching of the educts) meaning that it is important that the electrode
binds the protein in an orientation suitable for fast electron transfer.

There are several examples of polymers widely employed for immobilization of bio-
electrodes. These include naturally derived polysaccharides such as chitosan, alginate, agar
agar, etc., which will be discussed briefly in further chapters. Due to chitosan’s excellent
film-forming properties, presence of the primary amino groups, and its biocompatible
character, it has been extensively studied as an immobilization matrix for enzymes. These
features enable chitosan, facilitate immobilization via electrostatic interactions, physical
absorption, or covalent bonding to the electrode surfaces [19,82]. There are successful cases
of immobilization of enzymes such as glucose oxidase and laccase resulting in improvement
of the electron transfer, using chitosan-based films [19]. In addition, crosslinking alginate
with calcium cations, Ca?", is utilized for entrapment of enzymes in hydrogel beads or
thin films, to act as a biologically active immobilization environment [26,83,84]. Similarly,
agar and agarose matrices have been employed for entrapment and immobilization of
biomolecules on electrode surfaces resulting mechanical stability and controlling the diffu-
sion of substrates and products [85]. Furthermore, there have been reports of combining
these biopolymers into a hybrid immobilization system such as chitosan-alginate, which
results in a multilayer film or a composite of hydrogels, which enhance the performance,
stability, and mass transport of the immobilization [26,86].

In Table 3, polymer materials used for enzyme immobilization and their application
fields are tabulated.

Table 3. Polymer materials used for enzyme immobilization and their application fields.

Type of Polymer

Polymer Material Field of Application

Natural organic polymers

Biocatalysis, food processing, biofuel

(polysaccharides) Cellulose production [46,87,88].
Alginate (calcium alginate, Biomedicine, tissue engineering, enzyme
alginate hydrogels) immobilization, cell delivery [89,90].
Chitosan Drug delivery, wastewater treatment, agriculture, food

processing [57,91,92].
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Table 3. Cont.

Type of Polymer Polymer Material Field of Application
Biocatalysis, biodegradable composite
Starch development [46,61].
Pectin Biomedical applications, wound healing, enzyme
ec immobilization [52,93].
Natural organic polymers Bioreactors, biomedical applications, catalase
. Collagen . P
(proteins) immobilization [94].
. Drug delivery, tissue engineering, enzyme
Gelatin immobilization [95-97].
Synthetic organic polymers Polyvinyl alcohol (PVA) Enzyme immobilization, continuous bioprocessing,

hydrogels [59,98,99].

Polyethylene oxide (PEO)

Enzyme-compatible electrospun fibers [99].

Polymethyl methacrylate (PMMA)

Soil bioremediation, microchannels, enzyme activity
enhancement [99-101].

Polylactic acid (PLA)

Tissue engineering, 3D-printed enzyme
scaffolds [102,103].

Polyacrylonitrile (PAN)

Electrospun membranes, wastewater treatment, dye
removal [61,99,104].

Polystyrene (PS)

Industrial bioreactors, enzyme reuse and
stability [105,106].

Polyurethane (PU)

Industrial enzyme immobilization [99].

Semi-synthetic polymers

Carboxymethyl cellulose (CMC)

Lactase immobilization, food biotechnology [107,108].

Carboxymethyl chitosan (CMCht)

Protease immobilization, biomedical biocatalysts [109].

Starch-PAN copolymers

Wastewater treatment, laccase immobilization [61,104].

Cross-linked
polymers/hydrogels

Polyacrylamide gel (PAG)

Thermal stabilization of enzymes, industrial
catalysis [41,110].

Polyethylene glycol diacrylate
(PEGDA)

Biosensing, long-term enzyme storage, biomedical
devices [111-114].

Alginate-based hydrogels

Environmental remediation, enzyme reuse [115,116].

Agarose—chitosan hydrogels

Pollutant degradation, enzyme stabilization [117,118].

Polymer nanostructures
(nanofibers, scaffolds)

PMMA /Fe;04 nanofibers

Laccase and glucose oxidase immobilization [119,120].

Polystyrene nanofibers

Biosensing, catalytic efficiency enhancement [119,120].

Hybrid polymer systems
(organic—organic)

Chitosan—cellulose composites

Durable biocatalysts, enzyme retention [61,104].

Alginate-lignin composites

Reusable biocatalytic devices [61,104].

Organic-inorganic
polymer hybrids

Polymer-silica composites

Drug delivery, bioengineering, enzyme
stabilization [121,122].

Polymer—metal oxide hybrids

Hydrolase and oxidoreductase
immobilization [121,122].

3D-printed polymer carriers

PLA scaffolds

Wastewater treatment, pollutant degradation [103].

Sodium alginate (3D-printed
microspheres)

Lignocellulose degradation, bioenergy [123].

2.4. Removable Bioelectrode Protective Layers

Packaging of bioelectrodes with polymer coatings is mainly required for the protection
and increasing of the shelf-life of the biologically active elements that could bind target
pollutants. Enzymes or bacteria able to undergo redox manipulations (possess redox-active
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centers) are directly used as active electrode material (confined on the electrode substrate)
for performing reactions bioelectrochemically and evaluate the degradation condition of
biologically active elements. To maintain the quality of electrochemical biosensors through-
out time, both during usage and storage, it is essential to examine the protection of the
active electrode surface to prevent the active electrode material from being influenced
by ambient factors. Given that enzymes, proteins, or other organic ligands, particularly
bacteria containing active electrode materials, necessitate storage in moist environments,
a primary objective is the creation of sensors capable of being stored in dry conditions
and subsequently activated through a specific wetting protocol, which can be achieved
through these defined protocols, or more efficiently, by merely submerging them in water.
The initial phase involves assessing the stability of the active biomaterial when immobi-
lized on conductive or semiconductive glassy carbon supports, which will be exclusively
influenced by the interaction of the immobilized enzyme with the free species in solution.
Standard electrochemical methods, including cyclic voltammetry and impedance spec-
troscopy, are mostly employed for the electrochemical testing and characterization of the
sensors within a single compartment electrochemical cell. The performed electrochemical
analysis seeks to determine if the target species adhere to the active electrode surface
after removing a protective polymer membrane and, if so, to assess the electrochemical
response, which involves the reduction or oxidation of the species via electron transfer
through the bioelectrode. The response is evaluated compared to the one of the pristine,
non-protected bioelectrode.

Polymers that can be used as removable coatings are easily soluble polymers with the
most prominent representatives being chitosan [20,21], alginate [22,23,27], pullulan [124-126].

2.5. Core Technical Challenges and Coating Requirements

Taking electrochemical biosensors from the laboratory to real-world applications,
whether inside the human body or in environmental field stations, introduces a unique set
of hurdles. In this context, the polymer coating is not merely a passive layer. It must actively
resolve specific conflicts that arise between the sensing element and its surroundings. These
requirements shift significantly depending on the intended use.

2.5.1. Biocompatibility and Biofouling in Physiological Environments

When it comes to implantable devices and continuous health monitoring, the biggest
obstacle is the body’s natural defense mechanism. The implantation of a sensor almost
immediately triggers a foreign body response (FBR), which can wall off the device from the
target environment or lead to infection. To counter this, the coating has a dual responsibility.
First, it must prevent the non-specific adhesion of proteins and cells, a task often handled
by zwitterionic materials (such as phosphorylcholine-based polymers) that create a tightly
bound hydration layer [43]. Second, the coating must bridge the mechanical gap between
the rigid electrode and soft tissues. As demonstrated by Wang et al., hydrogel-based
coatings (such as chitosan blends or electrospun coaxial PU-gelatin fibers) can mimic the
mechanical properties of the tissue, thereby reducing inflammation and scarring while
keeping the electrode electrically connected [32].

2.5.2. Selectivity and Interference Rejection in Complex Matrices

In the fields of environmental monitoring and food safety, the challenge changes from
tissue rejection to signal clarity. Real-world samples, such as wastewater or biological fluids,
are full of “noise” in the form of redox-active interferences that can distort the sensor’s
reading. Consequently, the coating acts as a gatekeeper. Perm-selective polymers or anionic
copolymer layers, as described by Figueiredo et al., are essential here; they use electrostatic
repulsion to block interfering anions while allowing the target analyte to pass through [43].
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For even more challenging scenarios that require high specificity, Molecularly Im-
printed Polymers (MIPs) provide a solution by creating artificial recognition cavities that
physically filter out structurally similar compounds [127].

2.5.3. Operational Stability and Shelf-Life

Finally, a universal challenge for commercial viability is time. Sensors must retain their
analytical performance after storage and during prolonged use. Yet, biological components
like enzymes are prone to denaturation. Understanding and predicting this degradation
is critical. Accelerated aging models have been developed for that purpose [10]. To
extend shelf-life, protective coatings must stabilize the active elements without suffocating
them. This is often achieved through entrapment in conducting polymer networks or
silica matrices, which secure the biomolecules and maintain the necessary electron transfer
pathways over repeated operational cycles.

These scenarios make it clear that polymer coatings are not one-size-fits-all. Instead,
they need to be designed for the specific application, in a way that balances biocompatibility,
selectivity, mechanical compliance, and long-term stability depending on where and how
the sensor will operate. In the following sections of the review, we outline the materials and
fabrication strategies that can be combined to meet these scenario-driven requirements.

2.6. Health Monitoring

Conducting polymers have similar electrical and optical properties as metals and
semi-conductors and at the same time have mechanical properties of the polymers. Con-
ventional conducting polymers are stiff and friable, therefore, the application of conducting
polymers in biomedical fields is limited as stand-alone materials. This issue has driven the
development and design of new hybrid or composite conducting polymer-based materials
with more robust mechanics [128] including composites of conducting polymers and hy-
drogels [51]. Electrochemically synthesized conducting polymers are typically fabricated as
coatings on the electrode surface, which can be employed for cell culture applications [129].

G. Yang and colleagues presented an alternative glucose biosensor based on different
conductive polymers [130] whereas years ago Groenendaal et al. [131] already utilized
poly(3,4-ethylenedioxythiophene) (PEDOT) owing to its exceptional chemical stability and
enhanced conductivity. PEDOT:PSS has also been extensively applied in biosensors for
real-time monitoring of various physiological parameters, providing valuable insights
for disease diagnosis and treatment [132]. T. Yang et al. [133] fabricated a PEDOT:PSS
hydrogel-based in situ electrochemical sensor designed for direct interaction with living
cells. When used for electrochemical detection of dopamine secreted by PC-12 cells, the
PEDOT:PSS hydrogel demonstrated biocompatibility, further confirming its potential for
use in cellular monitoring and biomedical applications.

2.7. Environmental Monitoring

Pollution results in the discharge of hazardous compounds into the environment,
which accumulate due to their persistence. The primary categories of pollutants that
pose challenges due to their persistence are polyphenols, nitriles, polycyclic aromatic
hydrocarbons (PAHs), cyanides, and heavy metals. The immobilization of enzymes has
proven advantageous, facilitating enzyme reusability and stability; hence, remediation
of polluted locations can be accomplished directly at the contaminated site or ex situ.
In this respect, enzyme-based in situ approaches are economically advantageous com-
pared to other established physicochemical techniques. A variety of polymer matrices
exist for enzyme immobilization; eco-friendly matrices are frequently favored, particu-
larly for enzymes intended for environmental applications. The enzymes that play a
role in environmental remediation may be proteins or glycoproteins, consisting of one
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or more polypeptide chains [134]. Umapathi et al. give an excellent overview on recent
advances on portable electrochemical sensors for detection of pesticides in fruits and vegeta-
bles [35]. Eyvazi and colleagues [62] reported on the recent advances in portable biosensors
for the detection of bacterial and fungal contaminations as well as toxins in foods while
Sohrabi et al. [63] reviewed the detection of pollutants in water using portable biosensing tests.

2.8. Food Quality

The use of food additives requires the establishment of a stringent food safety policy
to protect consumer health. Research indicates that the progressive intake of fatty acids can
precipitate obesity, diabetes, metabolic problems, and allergies.

To guarantee the quality and safety of commodities like food, it is imperative to
establish precise and dependable procedures for detecting and quantifying fatty acids.
One technique highlights electrochemical sensors, which have been developed as effective
instruments for this purpose. Biosensors utilizing biopolymers are exceptional instruments
for the detection of fatty acids. Their many capabilities, including enrichment, basic signal
detection, and target binding, provide highly efficient probes for identifying food addi-
tives and pollutants [28,44]. Another example is the detection of azo-compounds that are
used as artificial colorants because of chromophoric azo bonds (-N=N-). The electrochem-
ical response of Ponceau 4R (E124) on a biopolymer-modified sensor was examined in
a study by Cyriac et al. [29], and the limits of detection (LOD) and quantification (LOQ)
were established. The catalytic efficiency of poly(L-Cys)-modified GCE was examined,
revealing enhanced electron transfer capability and repeatability. The sensor was verified
through the analysis of P4R content in soft drink samples, ensuring food quality and public
health safety.

A third application of electrochemical biosensors lies in the field of the analysis
of total phenolic antioxidants in wines. Biosensors serve as a highly effective testing
tool for identifying polyphenolic compounds, offering numerous benefits such as simple
sample preparation, selectivity, sensitivity, reproducibility, short response times, and ease
of everyday use. Electrochemical biosensors utilized in the analysis of polyphenols in
wines have relied on the activity of polyphenol oxidases or peroxidases [30].

Several molecularly imprinted electrochemical sensors (MIECS) have been created
for the specific identification of food additives [31,44,47]. Molecularly imprinted poly-
mers (MIPs), referred to as “plastic antibodies,” are specifically engineered biomimetic
supramolecular receptors. These molecules exhibit the ability to recognize and bind to
target molecules with high affinity and selectivity, akin to antibodies. They exhibit several
distinctive properties, such as ease of preparation, cost-effectiveness, stability, and reusabil-
ity [44,48]. The integration of molecularly imprinted conductive polymers with molecular
imprinted polymer (MIP) identification, alongside their electrical and optical properties,
presents novel potential applications.

Wang et al. [28] examined the attributes of five categories of food pollutants: heavy
metals, pesticide residues, pathogenic microorganisms, allergies, and antibiotics, along
with their detrimental impacts on human health and theoretical considerations on polymer-
based biosensors and their recent applications in identifying five types of food pollutants
in real food samples. Notwithstanding some obstacles, biopolymer-based biosensors in
food technology continue to represent a potentially sustainable technology.

2.9. Drug Discovery/Delivery

Wang et al. [32] have developed a MEA (microelectrode array) based on a crosslinked
hydrogel coating by deploying calcium alginate (CA) and chitosan (CS), which has been
loaded with dexamethasone sodium phosphate, an anti-inflammatory drug. The coating
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improved the biocompatibility and the electrochemical properties of the composite micro-
electrodes. Further, the developed CA /CS-hydrogel layer aligns better with the mechanical
characteristics of brain tissue and, through the active release of anti-inflammatory agents,
markedly diminishes post-implantation inflammatory processes, prolongs the lifespan of
electrodes, and improves the precision of neural activity monitoring. This modification
guarantees elevated sensitivity and specificity in dopamine (DA) detection, demonstrat-
ing superior dual-mode neural activity during in vivo assessments and highlighting no-
table functional disparities among neuron types across different physiological conditions
(anesthetized and awake).

2.10. Enzymatic Biofuel Cells

In enzymatic biofuel cells (ECBs), enzymes facilitate the oxidation of fuel and typically
the reduction of oxygen. In such an ECB bigger molecules are broken down and produce
smaller components in a series of redox reactions. Electrons are set free in oxidative
reaction(s) and can be used in a closed circuit between anode and cathode as generated
electrical energy. Finally, the electrons are consumed by the reductive reaction(s) [49]. In
an electrochemical system, oxidoreductases facilitate the conversion of substrates while
simultaneously regenerating the active site at the electrode surface. The mechanism requires
the occurrence of both interfacial and intramolecular electron transfer processes [135,136].

Recent studies in enzymatic biofuel cells (BFCs) primarily concentrate on enhancing
longevity and energy density using enzyme cascades. This approach elevates the oxi-
dation level of the fuel, optimizes electron transfer pathways, and explores innovative
enzyme immobilization methods. Mishra et al. [137] reported their findings on the devel-
opment and performance of a biofuel cell utilizing a unique gold nanoparticle-structured
polyaniline network, aimed at enhancing electrical connectivity within the bioelectrode
interfaces, specifically the interconnected active redox centers. The resulting BEC is com-
posed of strategically organized glucose oxidase and laccase within a gold (Au) embedded
polyaniline (PANI) nano-network, achieved through the in situ interfacial polymerization
(Au@PANI) process for the creation of a bioanode and biocathode, respectively. The nanos-
tructured PANI and Au@PANI provide outstanding diffusive mass transport, enabling the
development of innovative, highly efficient membrane-free bioenergy devices.

In ECBs, biosensors can be integrated and thus to for self-powered biosensors that
do not need external energy devices to run. The appeal of these sensors lies in their
straightforward design, which comprises only two electrodes. Their ability to serve as
both a power supply and a sensor allows for seamless integration with various electronics,
eliminating the need for challenging electronic circuitry [49]. These self-powered biosensors
can be applied for enzyme substrate detection [138], enzyme [33,139], and/or allosteric
effector detection [140,141].

3. Materials
3.1. Polysaccharide Polymer Coatings

Polysaccharides are widely available and renewable biopolymers that have garnered
significant interest for their potential applications in flexible electronics, owing to their sus-
tainability, flexibility, and multifunctionality. Natural polymers, such as cellulose, chitosan,
alginate, starch, and hemicellulose, possess essential attributes including biodegradabil-
ity, biocompatibility, and adjustable mechanical properties, rendering them suitable for
advanced technological applications such as biosensors [142,143].
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3.1.1. Chitosan

Chitosan is a natural, linear polysaccharide that is obtained by the partial deacetylation
of chitin, the second most abundant natural biopolymer after cellulose and it is composed
of randomly distributed (3-(1—4)-linked D-glucosamine and N-acetyl-D-glucosamine units.
The presence of free amino groups on its backbone imparts unique physicochemical and
biological properties, including pH responsiveness, solubility in acidic media, and bioac-
tivity [144]. Chitosan is derived from chitin, a naturally occurring polysaccharide found
abundantly in the exoskeletons of crustaceans such as shrimp, crabs, and lobsters, as well
as in the cell walls of fungi and insects, where it serves as a structural component that
provides mechanical strength and protection. Chitin is composed primarily of N-acetyl-
D-glucosamine units, and its tightly packed, crystalline nature contributes to its limited
solubility and reactivity [145]. To convert chitin into chitosan, deacetylation is performed
to remove the acetyl groups, thereby revealing the primary amine functional groups [146],
as shown in Figure 3.
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Figure 3. Chitin deacetylation reaction to produce chitosan (a). Representation of the exoskeleton
structure of crab (b). (Reproduced from [146] with permission).

Chitosan, rather, represents a collection of molecules than a particular polymer with
a fixed structure, characterized by variations in composition, size, and monomer distri-
bution. The characteristics of these properties significantly influence the biological and
technological efficacy of the polymer [20].

Chitosan produces flat membranes, constituting a category of chitosan structures
and films, with applications spanning wastewater treatment, food packaging, biomedical
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purposes, and innovative energy conversion and storage technologies. The capacity of
chitosan to undergo a change from soluble to insoluble states by altering pH levels is
essential for the development of composite chitosan structures with functions designed
for specific applications. The predominant and most simple approach for synthesizing flat
chitosan films is the solvent evaporation or solution-cast method [58].

Key reactive sites in chitosan include primary amine groups as well as primary and
secondary hydroxyl groups. Because of that, chitosan demonstrates excellent film-forming
capability because of the facile creation of intra- and intermolecular hydrogen bonds [45].
Additionally, glycosidic linkages and residual acetamide groups may also participate in
chemical modifications. The presence of these reactive sites offers versatile opportunities
for structural tailoring through targeted derivatization reactions, enabling the development
of chitosan-based materials with tunable physicochemical and functional properties [147].
Because of these properties and as a biocompatible polymeric membrane, chitosan is
frequently employed as a permselective membrane and binder to immobilize enzymes on
electrode surfaces [14,148]. In a recent publication, Michna et al. gave an excellent overview
of the experimental results of the properties of chitosan both as a solid as well as dissolved
in water along with theoretical considerations and modelling [149].

Chitosan is recognized as an exceptional substrate for the immobilization of many
enzymes, demonstrating enhanced thermostability relative to the free enzyme. Urease has
been covalently immobilized onto a glutaraldehyde crosslinked chitosan membrane to
enhance resistance against inhibitors, including boric acid, thioglycolic acid, sodium fluo-
ride, and acetohydroxamic acid [16]. Chitosan can be combined with several components
like CNTs [17,150], graphene and MWCNTs [18], MWCNTs, reduced GO and Au NPs [53],
metals and graphene [151], carbon black [152], or conductive polymers (e.g., refs. [54,153])
to form composite bioelectrodes [145], hydrogels (Figure 4) [154], or for drug delivery (e.g.,
ref. [155]).
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Figure 4. Schematic illustration of chitosan-based bioelectronic sensors. Reproduced from [154]
with permission.

3.1.2. Alginate

Alginate is a naturally occurring, linear polysaccharide that is extracted from the cell
walls of algae, e.g., Laminaria, Macrocystis, and Ascophyllum, serving as the structural
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component providing mechanical strength and flexibility to the algal tissue [156]. Alginate’s
polymer chains consist of two uronic acid monomers, a-l-guluronic acid (G) and pB-d-
mannuronic acid (M), which are arranged in different block sequences (M-M, G-G, M-G)
along the polymer backbone [157] Several physiochemical properties of alginate such as
viscosity, gel strength, porosity and ion-binding capacity are influenced by content and
distribution of these M and G blocks [55]. In the presence of divalent cations, mostly Ca?",
alginate can undergo Ionotropic gelation through cooperative interactions between the
charged calcium ions and the carboxylate groups of G blocks of alginate through the “egg-
box” coordination model. Throughout this process, stable three-dimensional hydrogels
are formed under mild and aqueous conditions that prevent the encapsulated molecules
from further activity [158,159]. Alginate has been widely exploited for biomedical and
biotechnological purposes due to its high biocompatibility, biodegradability, low toxicity,
and facile processing. Furthermore, it has been effectively used for biosensing matrices,
drug delivery systems, tissue engineering scaffolds and drug delivery systems [160].

The characteristic features of alginate hydrogels are adjustable pore size, high water
content, and permeability which result in efficient mass transfer and maintaining the struc-
ture of entrapped biological entities such as enzymes and nanoparticles [161]. Alginate is in
particular advantageous due to its ability to form hydrogels with ionic crosslinking without
covalent bonds, mostly in enzymes, antibodies, and whole cells, in immobilization systems
where preserving function is essential [162]. As mentioned before, alginate has been used
both as a physical entrapment matrix and as a protective membrane directly integrated on
electrode surfaces. Mdrquez et al. reported electrodeposition of calcium alginate hydrogels
as biocompatible matrix for enzymatic amperometric glucose biosensors. The formed
biosensors demonstrated higher enzyme stability and better analytical performance for
glucose detection in whole blood samples [163]. Despite alginate’s advantages, its limited
electrical conductivity and lack of specific cell adhesion motifs restrict direct electron trans-
fer and cellular interactions in some applications. To overcome these limitations, alginate
is used in hybrid immobilization systems, which is blended with conductive polymers,
carbonaceous fillers, or multilayered with cationic biopolymers (e.g., chitosan). This not
only further improves the stability but also increases the bifunctionality, and transduction
efficiency [164].

To enable the regeneration and reuse of alginate-coated surfaces, it is essential to
remove the ionically cross-linked alginate layer in a controlled manner, which only removes
the alginate and the surface remains unaffected. For this purpose, phosphate-buffered
saline (PBS) solution, a biocompatible aqueous buffer composed of sodium and potassium
chlorides and phosphate salts, with an approximate pH of 7.3, is utilized [65]. By ion
exchange between the Ca?* in the Ca-crosslinked alginate films and the monovalent ions
in PBS, the stabilized linkages in the egg-box junctions are disrupted, which results in
dissolution of the alginate layer [159]. This effect can be considered as a non-destructive
approach for removing alginate layers, to regenerate electrode surfaces that have been
utilized for electrodeposition of alginate.

3.1.3. Pullulan

Pullulan is a natural, water-soluble linear polysaccharide that is produced through
the fermentation process by various strains of the Aureobasidium pullulans fungus. The
forming units of pullulan are repeating maltotriose units that are formed by of x-(1,6)
and «-(1,4) glycosidic bonds. Pullulan production is affected by multiple parameters
such as nutrients, minerals, pH, temperature, surfactants, light intensity, and the presence
of melanin intermediates [66]. As an environmentally safe microbial biopolymer, it has
attracted considerable attention [165]. Pullulan can form thin, transparent, waterproof
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films that are highly impermeable to oxygen. Pullulan’s unique properties resulted in its
broad range of applications in various fields such as food, pharmaceuticals, cosmetics,
and packaging industries [56,166]. Even though pullulan lacks the intrinsic gelation under
mild conditions, it is possible to chemically crosslink or blend it with other polymers to
form hydrogels and functional biomaterials [167]. Pullulan and related systems have been
utilized in enzyme immobilization processes to enhance catalytic stability, reusability, and
performance. For example, by complexation of pullulan with enzymes such as x-amylase
and glucoamylase, in addition to co-entrapment with alginate, it is possible to achieve
higher entrapment efficiency and enhanced thermal and pH stability, which highlights
pullulan’s role in stabilizing enzymes within polymer matrices [168].

3.1.4. Starch

Starch is a naturally abundant plant-based polysaccharide that is primarily consisted
of two glucose polymers—linear amylose with «-(1—4) linkages and highly branched amy-
lopectin containing both o-(1—4) and o-(1—6) linkages, which results in semi-crystalline
granules, which are not soluble in cold water but possible to form its gelatines by heat-
ing [24]. Due to its features such as biodegradability, biocompatibility, and low cost, it is
extensively present in food and pharmaceutical industries and material science applications
such as film and hydrogel formation [25]. In addition, in immobilization systems, starch
and starch-based hydrogels have attracted increasing attention as matrices for enzymes
entrapment, due to their ability of gel formation under mild conditions [24]. For instance,
to improve long-term activity and operational stability of trypsin and bi-enzymatic systems,
starch gels have been utilized [169]. In addition, modification or combination of starch with
other polymers will result in the possibility to tailor mechanical strength, porosity, and
diffusion properties. This makes starch a better candidate as a support in immobilization
enzyme applications [25].

3.1.5. Cellulose and Derivatives

Cellulose, a fundamental constituent of plant cell walls, is made of (1-4)-f3 linked
glucose units [170], and possesses notable tensile strength and biodegradability [171,172].
Cellulose and its derivatives (nanostructured or not) have numerous application fields
such as food packaging [173], medicine [170], wearable sensors [171], etc. The chemical
behavior of carbon nanostructure surfaces is crucial for their application in various fields.
The surface of carbon nanomaterials (CNs) contains a high density of hydroxyl groups,
prompting investigations into various chemical modifications such as esterification, oxida-
tion, and polymer grafting. Furthermore, the study of non-covalent surface modification
through the electrostatic adsorption of surfactants and polymer coatings has been con-
ducted [174]. Cellulosic materials can be structurally modified by addition of magnetic
Fe,O3 nanoparticles [175].

Arakawa et al. [176] employed a cellulose acetate membrane in a biosensor for the
determination of glucose directly in the mouth, that was able to eliminate interferences
from contaminants like ascorbic acid and uric acid in saliva.

3.1.6. Agar-Agar

Agar-agar or simply agar, a composite of polysaccharides consisting of linear arrange-
ments of dextro and levo galactoses, is characterized as a robust gel-forming hydrocolloid
derived from sea algae. The primary structure is chemically defined by repeated units of
D-galactose and 3,6-anhydro-L-galactose, exhibiting little changes and a low concentration
of sulfate esters. The remarkable gelling capacity of agar is solely attributed to the hydrogen
bonds established between its linear galactan chains, which offer exceptional reversibility,
with gelling and melting temperatures often differing by approximately 45 °C. As “physical
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gels”, they endow agar with distinctive and valuable characteristics in numerous applica-
tions, particularly in the formulation of microbiological culture media for bacteria, yeast,
and molds, where these features are essential [177]. Ziegler et al. [178] have produced
bilayer membranes made of lipids (BLM), which use an agar gel as substrate. The as-BLM
(agar-supported BLM) exhibits identical electrical, mechanical, and dynamic qualities to
those for which conventional BLM is renowned, in addition to offering enhanced long-term
stability and significantly increased breakdown voltages.

3.1.7. Hydrogels

With the growing prevalence of wearable devices like bioelectronics in everyday
life, there is an elevated demand for high performing flexible wearable electronic devices.
Conductive hydrogels have garnered increasing interest in the domain of wearable sen-
sors due to their excellent conductivity, biocompatibility, tunable flexibility, and diverse
stimuli responsiveness. Conductive hydrogels are categorized as ionic conductive hydro-
gels and electronic conductive hydrogels. Despite the physiological suitability of ionic
conductive hydrogels, their conductivity and mechanical durability fail in daily use. Con-
versely, the electronic conductive hydrogel establishes a continuous conducting network
through the use of conductive fillers improving the electronic conductivity. In real biofluids,
electrochemical biosensors are limited as much by surface chemistry as by transduction:
non-specific protein adsorption and matrix deposition distort baselines, slow electron/ion
transfer, and shorten lifetime. Hydrophilic coatings such as polymer brushes and hydrogels
mitigate these effects by forming solid, moist interphases that resist fouling while remaining
permeable to analytes. Recent reviews discuss design rules, including the choice of neutral
or charged monomers, grafting density, thickness or mesh size, robust anchoring, and
performance improvements in undiluted plasma or serum and wearable formats [1,50].
Electrically conductive hydrogels are utilized in various sensor applications. These involve
physical activity tracking [179], health monitoring and blood analysis [180,181], tissue
regeneration [182], environmental monitoring [183], and adaptable electronic skin [184].

Qin et al. [185] created implantable hydrogel probes utilizing amylopectin and poly-
acrylamide as structural matrices, with PEDOT:PSS serving as the electrically conducting
component. Essential characteristics of implantable electrodes, including electrical con-
ductivity, optical transparency, mechanical compliance, biocompatibility, and long-term
stability, are paramount in this context for the dependable monitoring of physiological signs.
Similar composites based on PEDOT:PSS/PNIPAM have been reported by Jia et al. [186].

A polysaccharide often used in hydrogels is dextran, which is characterized as an o-d-
(1,6) linked polymer of glucose, featuring approximately 5% branching through «-d-(1,3)
glycosidic bonds. The dextran polymer contains ring-oxygen and bridge-oxygen atoms in
each repeating unit, in addition to hydroxyl groups within the ring structure [187]. Dextran
is capable of effectively forming hydrogel layers that exhibit an extended 3D structure
on bioelectrode materials. Due to their elevated water content and adaptable structure,
dextran coatings exhibit enhanced antifouling properties. These characteristics can be
utilized in traditional bioanalytical measurements and in the advancement of cell-on-a-chip
biosensors [188]. Dang et al. [189] highlight the suitability of starch-based conductive
materials in hydrogels for application with biological tissues, detailing their respective
advantages and disadvantages.

Most hydrogel sensing devices that are currently available provide only one detection
option. In addition to stress and strain indicators, fluctuations in physiological factors
such as temperature, humidity, and pH can accurately reflect alterations in health status.
Consequently, the development of hydrogel biosensors exhibiting rapid response times,
enhanced sensitivity, and extensive detection ranges for temperature, humidity, and pH

https://doi.org/10.3390/coatings16020164


https://doi.org/10.3390/coatings16020164

Coatings 2026, 16, 164

19 of 67

signals demonstrates considerable promise for advanced wearable and implantable tech-
nology. Although 3D printing provides versatility and personalization, the scalability of
conductive hydrogel sensor manufacture for commercial applications is a significant hurdle.
Continuous attempts must concentrate on enhancing superior sensing characteristics and
establishing high-precision, high-throughput, and economical manufacturing procedures
that preserve requisite attributes and performance [190].

3.2. Electrically Conductive Polymers

Conductive polymers mark a significant advancement in materials science, merging
electronic conductivity, typically linked to metals, with the inherent benefits of polymers,
such as structural flexibility, lightweight characteristics, and ease of processing. The im-
portance of the conductive polymers has been awarded with a Noble prize for Shirakawa,
MacDiarmid and Heeger in 2000 [191]. The conductivity of such polymers is attributed to
their 7r-conjugated backbone, where double and single bonds that alternate allow for the de-
localization of 7-electrons. By introducing appropriate electron donors or acceptors, charge
carriers like polarons, bipolarons, or solitons are generated, facilitating effective charge
transport [192,193]. These characteristics have established conductive polymers as essential
elements in contemporary biomedical engineering [193-196]. In this respect, biodegrad-
able conducting polymers have garnered significant interest over the past decades as a
distinct category of biomaterials, combining the electrical conductivity of conducting poly-
mers with the biodegradation characteristics of biocompatible polymers [197]. Numerous
conducting polymers like polyaniline (PANI), polythiophene (PTh), polypyrrole (PPy),
polyindole, polyrhodanine, poly(phenylenediamine), poly(carbazole), and many others
are easily synthesized and widely applicable in biosensor electrodes [198]. One distin-
guishes electronically conductive polymer materials (the majority) and ionic conductors
like Nafion® (Figure 5). Multifunctional conducting polymer-based composites exhibit
significant potential for in vivo treatments and implanted electronics, encompassing drug
administration, brain interfacing, and implantable electronics [153]. In the following, some
examples of applications of conductive polymers and their derivatives are briefly presented.
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Figure 5. Conductive hydrogel fabrication and conductive mechanisms. (a) Direct gelation of conduc-
tive materials as cross-linking monomers, (b) suspending conductive materials within the hydrogel
network, (c) in situ polymerization within a prepolymer hydrogel matrix, and (d) introduction of
conductive ionic compounds. Reproduced from [199] with permission.
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3.2.1. Polypyrrole

Polypyrrole (PPy) possesses distinctive characteristics, including facile synthesis,
durability under environmental conditions, and elevated electrical conductivity (about
105 S/cm and exceeding 380 S/cm) for both bulk and thin-film materials. Consequently,
PPy is utilized in several known applications, including sensors [200], microelectronic
devices [201], supercapacitors [202], and biomedicine [203]. These applications leverage
the distinctive characteristics conferred by the structure and properties of PPy [60,196].
Pyrrole is a readily oxidizable, water-soluble, and commercially accessible substance that
polymerizes to form polypyrrole (PPy), exhibiting strong electrical conductivity, exceptional
redox characteristics, elevated affinity for electrons, low oxidation potential, and remarkable
stability under adverse conditions. Some restrictions in its applicability arise as PPY is
brittle, mechanically inflexible, and insoluble, rendering it difficult to process further and
unsuitable for most uses, but its processing potential can be markedly enhanced through
copolymerization with other nanomaterials [204,205]. This way, Senel [206] synthesized a
film composed of chitosan, polypyrrole, and gold nanoparticles, utilizing it in a glucose
biosensor that demonstrated high accuracy, a brief response time, a linear dynamic range of
1 to 20 mM, and a low limit of detection (LOD) of 0.068 mM. Olea et al. [207] have fabricated
a novel PPy-based amperometric, enzymatic biosensor by encapsulating glycol oxidase in
multilamellar vesicles. Several metal/PPy [208,209] as well as metal oxide /PPy [210-214]
composites have been prepared and applied in biosensors.

3.2.2. Polyindole

The polymerization of indole leads to formation of a conductive polymer (Polyindole-PIN)
that is thermally stable and exhibits low hydrolytic degradation and better redox potential
than PPy [204]. Polyindole (PIN) is considered an exceptional material for several uses. It
integrates the characteristics of polyphenylene and polypyrrole and can be synthesized ef-
fortlessly by both chemical and electrochemical polymerization methods. Nonetheless, the
conductivity of PIN is worse relative to other conducting polymers [215]. The conductivity
of PIN can be significantly enhanced in a composite containing metal oxides or sulfides.
Several PIN-based composites like metal /PIN [216-218], metal oxide/PIN [215,219-221]
or MWCNTs/PIN [222] etc., have been prepared and applied in biosensors.

3.2.3. Polythiophene (PT) and Derivatives

Polythiophenes are a distinct category of conducting polymers that have experienced
rapid advancement during the past decades. They have superior thermal and environmen-
tal stability as well as biocompatibility [223]. Applications primarily focus on antistatic
coatings [224], molecularly imprinted polymer coatings [225], solar cells [226,227], super-
capacitors [228], biomedicine [229] etc. Polythiophenes have been utilized in biological
sensors for the immobilization of different enzymes [230-232]. Polythiophene and its
derivatives are highly regarded in technological uses due to its substantial stability in
both doped and undoped states, simplicity with regard to structural changes, and solution
processability. Consequently, polythiophene has been thoroughly investigated through
both theoretical [233] and experimental methodologies [234,235]. To enhance processing
potential and environmental durability in general and for polythiophene in particular, one
approach involves the fabrication of composites that consist of conducting polymers and
processable conducting or non-conducting polymers [236].

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a conducting polymer (CP) that is char-
acterized by exceptional redox reversibility, biocompatibility, and electrochemical proper-
ties. It demonstrates significant potential as an interfacing material in biosensing, effectively
connecting the realms of organic electronics and bioelectronics. PEDOT’s chemical charac-
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ter possesses considerable similarities with biological compounds, thereby promoting the
development of all-polymer biosensors [237,238].

The electrically conducting polymer composite material, poly(3,4-ethylenedioxythiophene):
poly(styrene sulfonate) (PEDOT:PSS), has garnered significant research interest owing to
its distinctive characteristics, including flexibility, high electrical conductivity, favorable
thermoelectric properties, and excellent water processability [239-241] so that in the past
decades, an enormous increase in publications on PEDOT:PSS-based devices for various
sensing applications, covering gas, biological, bioelectrochemical, and physical devices has
been observed [242-247]. Because of its unique properties PEDOT:PSS has been considered
as a replacement of indium tin oxide in optoelectronics. Carter et al. [248] have investigated
the best conditions for the preparation of PEDOT:PSS films with and without Tween 80 and
prepared films with reduced resistivity. PEDOT:PSS has been widely utilized in biosensors
for the real-time monitoring of diverse health indicators, offering critical insights for ill-
ness diagnosis and therapy. Yang et al. [133] developed an in situ electrochemical sensor
based on a PEDOT:PSS hydrogel for the electrochemical detection of dopamine released
by PC-12 cells. PEDOT:PSS is an excellent composite material for bioelectrochemical elec-
trodes, attributed to its ion—electron coupling diffusion, structural flexibility, and efficient
charge-transfer properties when subjected to external electric fields [249]. Improving the
performance of sensors often requires the incorporation of catalytic electrode materials,
like Au [250] or Pd-Fe3O4 [251], into PEDOT:PSS-based composites, thereby optimizing
both catalytic efficiency and detection sensitivity. Huang et al. [252] developed a sandwich
composite film consisting of PEDOT:PSS, MXene-PdAu, and PEDOT:PSS through a one-pot
synthesis method, where the deposition of PdAu nanoparticles onto MXene nanosheets
markedly enhanced the electrocatalytic oxidation of shikonin.

Cyclic polythiophene oligomers have distinctive features regarding their analogs,
underscoring the importance in developing novel polythiophene derivatives [253,254].
Poly(3-decylthiophene) is a polymer that demonstrates conductivity due to its conjugated
chain architecture. The exploration of innovative applications and improvements of these
materials in sensors and organic photovoltaics requires a comprehensive understanding
of them. Riga Junior et al. [255] have investigated the conductivity of thin films and
discovered a dependence of conductivity on film thickness. The conductivity measured was
3.50 x 107% S/m for the film produced from a 1.5 mg/mL solution and 2.57 x 107¢ S/m for
films derived from a 2.0 mg/mL solution. Moreover, photoconductivity studies indicated a
positive reaction of the material to light exposure.

3.2.4. Polyaniline (PANI)

Polyaniline-based polymers exhibit significant potential as materials for electrochem-
ical sensors, attributed to their distinctive physical and chemical characteristics, includ-
ing effective gas absorption, minimal dielectric loss, and robust chemical and thermal
stabilities [196]. The performance of sensing is significantly influenced by the structure and
dimensions of polyaniline-based conductive polymers [256,257]. Hui et al. [258] synthe-
sized composite nanofibers by grafting polyethylene glycol (PEG) onto polyaniline (PANI)
nanofibers and utilized them in antifouling electrochemical biosensors. The nanowires were
deposited onto glassy carbon (GC) using electropolymerization. Subsequently, this interface
was altered with PEG to which the amino-functionalized methylene blue-modified DNA
capture markers were attached. The PEGylated PANI (PANI/PEG) nanofibers exhibited
a substantial surface area, maintained conductivity, and revealed exceptional antifouling
properties in both single protein solutions and complicated human serum samples. The
interaction of complementary target DNA and DNA probe dislodged the MB from the
duplex structure, resulting in a decrease in current with a limit of detection of 0.01 pM [259].
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1D PANI microwire arrays on silicon wafers have been fabricated and evaluated for SO, gas
sensing at ambient temperature. The response time was 20.82 & 0.16 s, and the sensor could
detect SO; at a concentration as low as 1 ppm [256]. Recently, Setiawan et al. [260] prepared
conductive polymers that replicate the acid-base interaction framework of PEDOT:PSS
by in situ polymerization of polyaniline in sulfonated polyaniline (PANI:SPAN). They
suggested them as an economical substitute for both PEDOT:PSS and PANI:PSS in their
role as a conductive layer for holes in optoelectronic devices.

3.2.5. Polyacetylene (PA)

Polyacetylene, a semiconductive polymer, was the first discovered conductive polymer
possessing an electrical conductivity of ca. 100-1000 S/cm [7]. It has been doped in the
group of Shirakawa, MacDiarmid, and Heeger in the seventies of the last century with
iodine becoming a highly conductive material already at room temperature [261]. This
facilitated the production and examination of the features of various materials charac-
terized by the m-conjugated polymeric chain, which governs their electrical and optical
attributes [262,263]. The conductivity of PA can be adjusted across the entire spectrum,
ranging from semiconductor to metal, via doping. At elevated dopant levels, calculations
indicate that the energy gap may close due to the suppression of bond alternation in pristine
trans-PA [264-266].

3.2.6. Nafion

Nafion® (Chemours, Wilmington, Delaware) consists of a hydrophobic PTFE back-
bone and perfluoroether side chains terminating in sulfonic acid groups. The resulting
phase-separated structure provides high resistance to chemicals and high temperatures,
high proton conductivity, and high cation exchange as well as perm-selectivity. The fixed
sulfonic acid functional groups in Nafion® repel anionic interferents through electrostatic
forces, while allowing diffusion of neutral substrates. For that reason, N afion® has become
a benchmark polymer coating for electrochemical biosensors, functioning as both a pro-
tective diffusion barrier and a functional immobilization/binding matrix. Nafion® was
originally used as an outer sphere perm-selective barrier in the development of glucose
biosensors. In multi-layer needle biosensor designs, which commonly incorporate an
internal interferent rejection barrier, an enzymatic diffusion barrier, and an outer N afion®
barrier, it attenuates currents generated by anionic interferents such as ascorbate and urate.
Moreover, heat-cured Nafion® barriers have been instrumental in improving mechani-
cal durability and in vivo lifespan, enabling monitoring of glucose concentrations over
several days in animal models, with minimal tissue reaction [267,268]. Conductometric
GOx sensors were further supplemented with a Nafion® overlayer, which reduced buffer
capacity and extended the linear detection range, primarily by modulating proton and
substrate diffusion [269]. In addition to serving as an external barrier, Nafion® membranes
are commonly used to create an enzyme microenvironment. The hydrated ionic clusters in
Nafion® membranes can retain enzymatic activity when deposited from mixed solvents,
while the thickness and treatment conditions of the resulting films regulate water content
and diffusion. Optimizing the component composition in GOx-entrapped Nafion® has
enabled the retention of enzymatic activity and a significant increase in biosensor sensi-
tivity [270]. The robustness of Nafion® membranes has also supported the development
of enzymatic biosensors on heated electrodes by providing resistance to repeated tem-
perature cycling in Nafion® / GOx films, thereby enhancing perceived enzymatic kinetics
and extending the linear range with minimal deactivation [271]. The role in biosensing,
however, could be non-neutral. The most recent application of cathodic bioelectrocatalysis,
for example, shows that Nafion® has a slightly negative effect on the activity of bilirubin
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oxidase-modified CNT surfaces compared with unfunctionalized CNT interfaces [272].
One important application of Nafion® in the modern era is its use as a nanomaterial disper-
sant and binder, enabling the formation of stable, high-surface-area nanocomposite films.
Nafion’s ability to disperse CNTs has led to the development of uniform CNT/Nafion®
inks, which reduce overpotentials for HyO, and NADH, and support the optimization of
oxidase biosensors [273]. These nanocomposite materials have since been used in the de-
velopment of metal and oxide nanoparticles, such as Pd NP/GOx sensors on Nafion®-CNT
supporting structures, which improve glucose detection and enhance biosensor sensitivity
and specificity for glucose concentrations [274], and Fe3Oy/ chitosan-Nafion® films, which
facilitate biologically compatible film formation, aided by Nafion’s perm-selectivity and
optimized electron transport [275]. Recent works have also widened the scope of using
Nafion® in glucose sensing, especially in areas where the distinct properties offered by
Nafion® and its composites could be utilized. Graphene-Nafion® composites, for instance,
offered a mechanically stable and conductive platform in the development of impedi-
metric DNA sensors with much lower detection limits [276]. Additionally, an ultrathin
Nafion® topcoat has been effective in securing the nanofiber immunointerface, thereby
enhancing stability and signal retention in cytokine sensors such as those for TNF-« [277].
Nafion® has also been used as an antifouling protective overlay in DNA assays involving
complex beverages and biological samples [278], and in cell-based biosensing, where the
incorporation of cation-exchange Nafion® interlayers in conductive polymers has pro-
moted cell adhesion and functionality [279]. In summary, Nafion® remains one of the
most flexible and adaptable polymer films in electrochemical biosensing. The complex
set of properties offered by Nafion®—namely, perm-selectivity, environmental robustness,
biocompatibility, and stability in the form of mercerized nanocomposites—strongly sup-
ports the extension of the biosensor’s range and lifetime in enzyme, DNA, immuno-, and
cellular biosensors. However, special attention must be paid to optimizing the thickness
and curing conditions, as well as thorough evaluation of the biomolecule-ionomer and
nanomaterial-ionomer interfaces.

3.2.7. Polysulfone (PSF)

Numerous important developments have occurred in the design and creation of
various polymers as substitutes for the traditional perfluorosulfonic acid (PFSA) type
membranes, with Nafion® (Chemours, Wilmington, Delaware) being the most prominent,
extensively researched, and utilized. Several inexpensive synthetic polymers, including
poly(aryl ether ketone), polysulfone (PSF), and polybenzimidazole, can serve as alternatives
to Nafion® because of their favorable stability characteristics. The sulfonation process
applied to these polymers significantly improves their proton conductivity [280].

An amperometric immunosensor for the identification and quantification of antirabbit
IgG, is being manufactured utilizing a permeable graphite—polysulfone electrode [281].
Polysulfone has been utilized for the immobilization of enzymes [282], such as glutamate
dehydrogenase, in ammonium biosensors [283]. Costa et al. [284] investigated the bio-
catalytic efficacy of immobilized laccase in degrading a mixture of phenolic compounds,
including phenol, resorcinol, 4-methoxyphenol, and 4-chlorophenol, in aqueous solutions.
Laccase was immobilized on polysulfone membranes blended with functionalized carbon
nanotubes to enhance cost efficiency in enzyme reutilization, and its effectiveness in de-
grading 4-methoxyphenol was investigated. The biocompatibility of polysulfone can be
enhanced by grafting with sulfonated hydroxypropyl chitosan (SHPCS) [285].
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3.2.8. Poly(o-phenylenediamine)

Poly(o-phenylenediamine) (PoPD) is typically introduced to electrochemical biosen-
sors as a thin, electropolymerized coating. In practical sensor fabrication, PoPD is attractive
because it can be grown directly on the electrode with good conformity (including carbon
and screen-printed substrates), while its thickness can be tuned electrochemically. In recent
studies, PoPD is not used merely as a passive barrier, but as an electroactive “host” matrix
that can be engineered to balance analyte enrichment/recognition and acceptable interfacial
electron transfer.

A strong use-case is molecularly imprinted polymer (MIP) sensing, where PoPD is
electropolymerized in the presence of a template molecule and then “emptied” to leave
recognition cavities. Ting et al. reported a PoPD-based MIP on an oxygen-functionalized
screen-printed carbon electrode (with Au nanoparticle integration) for interleukin-6 (IL-6),
achieving pg mL~!-level detection in serum, while also acknowledging that the PoPD
matrix can adsorb other electroactive species in real samples, which is an important
reminder that PoPD films may require careful surface chemistry and thickness control
when moving from buffer to biofluids [286]. A different biomedical application is the
PoPD/hydroquinone MIP architecture for A342 (amyloid-f3 1-42) detection, where PoPD
serves as the electropolymerized imprinting scaffold (on a conductivity-boosting under-
layer), enabling selective measurements in complex matrices such as serum and artificial
cerebrospinal fluid [287]. Beyond clinical targets, PoPD-MIPs are also appearing in demand-
ing environmental assays. Chen et al. demonstrated a conjugated-polymer-nanoparticle-
enhanced PoPD-MIP platform for perfluorooctanesulfonate (PFOS), emphasizing rapid
response and trace-level quantification in real water samples [288].

3.3. Polyurethanes (PUs)

Polyurethanes (PUs) are segmented block copolymers that result from the reaction of
diisocyanates with diols (polyols) and short-chain extenders. The result is a microphase-
separated morphology consisting of soft (typically polyether or polyester) and hard
(urethane/urea) segments. This structure makes PUs highly tunable, as elasticity, toughness,
hydrophilicity, gas and solute permeability, and degradation rate can be independently
adjusted by varying the soft-to-hard segment ratio, the polyol chemistry, and the NCO:OH
stoichiometry [289]. Additionally, PUs can be processed into dense films, porous foams,
sponges, and electrospun fibers, a feature particularly attractive for the coating of elec-
trochemical biosensors, for which mechanical robustness, controlled mass transport, and
long-term stability are essential. Recent reviews highlight that the same design strategies
used in PU dressings, vascular grafts, and soft implants—such as bio-based polyols, hy-
drophilic or degradable segments, and antibacterial fillers—are increasingly being applied
in sensing platforms [290].

A substantial body of research has used PU as the outer mass-transport limiting
and protective membrane in implantable glucose sensors. In early minimally invasive
needle-type sensors, epoxy-enhanced PU blends were introduced, consisting of 50%-70%
PU combined with 30%—-40% epoxy resin as an outer membrane to enhance in vivo dura-
bility without compromising adequate glucose permeability, thereby enabling long-term
continuous monitoring in subcutaneous tissue [291]. However, later studies on electro-
spun fibro-porous PU coatings for coil-type glucose electrodes demonstrated that highly
interconnected subcellular pores can be used to finely tune diffusion while mimicking the
extracellular matrix, with minimal impact on sensitivity [292]. These studies established
PU as a “workhorse” neutral polymer for balancing analyte flux, oxygen transport, enzyme
retention, and mechanical integrity at the tissue—-sensor interface [289].
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Building on this, Wang et al. electrospun coaxial PU-gelatin fibers to impart bioac-
tivity to the PU coating of a miniaturized implantable glucose biosensor. The membrane
comprised a sturdy, elastic PU core enveloped by a hydrophilic GE shell that enhanced
glucose transport. They then adjusted fiber diameter and shell thickness by varying PU
concentration in the core solution: thin fibers with thick GE shells retained initial sensi-
tivity but compromised structural integrity and linearity over time; thicker fibers with a
thinner GE shell acted as effective mass-transport limiting membranes, maintaining sensor
sensitivity and linearity for at least 12 weeks in vitro. This work demonstrates how the
processability of PU into coaxial nanofibers enables independent control of mechanics,
permeability, and biointerface chemistry within the same coating [292].

Another active approach to modulate the foreign-body response uses porous, drug-
eluting PU coatings. In this context, tubular PU sleeves with well-controlled porosity
(~85%), pore size (~75 um), and thickness (~80 pum) were fabricated by a gas-foaming/salt-
leaching process and loaded with dexamethasone (Dex) by Vallejo-Heligon et al. [293].
In vitro, these coatings released Dex over approximately two weeks while only minimally
affecting sensor response time and sensitivity. Follow-up in vivo studies on Medtronic
MiniMed SOF-SENSOR™ glucose sensors (Medtronic MiniMed, Inc., Northridge, CA, USA)
implanted subcutaneously in rats showed that Dex-loaded porous PU coatings reduced
macrophage density and enhanced vascularization around the implant, and extended
sensor sensitivity over a 21-day period compared with bare or Dex-free coated controls, at
the cost of increased signal lag. Along with nitric-oxide-releasing and growth-factor-loaded
PU systems, these data support the concept of “pharmacologically active” PU membranes,
which marry topographical cues and localized drug delivery to engineer the tissue—sensor
microenvironment [1,289].

PU is also an appealing structural scaffold in non-enzymatic electrochemical sensors.
Guo et al. utilized one-pot hydrothermal deposition of binderless nickel hydroxide onto
a 3D substrate provided by an inexpensive, flexible PU sponge to create a Ni(OH), /PU
electrode for glucose detection. The open-cell PU network allowed for homogeneous
growth of Ni(OH); nanosheets and ensured a large electroactive surface area and efficient
diffusional pathways, resulting in very high sensitivity of 2845 mA mM~! cm~2, a low
detection limit of 0.32 uM, and fast response (<5 s), along with good stability and selectivity
in the presence of common interferents and successful measurements in fetal bovine serum.
Here, PU plays the primary role of a mechanically strong yet flexible 3D template; in
principle, however, its chemistry can be further tailored to enhance wettability and analyte
accessibility [294].

Further testimony to the versatility of PU membranes is their use in microfluidic
and cell culture platforms. Lwin et al. fabricated an automated microfluidic platform
for real-time lactate monitoring in the cell culture medium of breast cancer cells, using
an integrated needle microelectrode coated with an inner m-phenylenediamine exclusion
layer, a chitosan/lactate oxidase hydrogel, and an outer PU film. The linear range of
the biosensor was extended up to 6 mM with the PU over-layer, optimized by limiting
the lactate flux, while a ~95 nA mM~! mm~? sensitivity with stable performance over
more than 18 h at room temperature was maintained. The robust PU coating allowed the
microelectrode to be removed and replaced following fouling, thus illustrating the utility
of PU in dynamic automated sensing setups where mechanical handling and long-term
stability are critical [54].

Nanostructured transducer coatings can be prepared by combining PU with conduc-
tive polymers. Gokce and co-workers electrospun nanofiber mats from blends of PU and
the carboxylated conductive polymer poly(m-anthranilic acid) (P3ANA); amino-modified
DNA probes were then covalently immobilized on the P3ANA carboxyl groups to give
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an impedimetric DNA biosensor for Salmonella spp. The PU component supplied excel-
lent fiber-forming ability and mechanical strength, whereas the PSANA phase provided
conductivity and abundant functional groups that allowed for stable probe attachment.
The final PU/P3ANA nanofibers possessed a high surface-to-volume ratio and exhibited a
wide linear range (0.1-10 uM), high mismatch discrimination, and retained ~93% of their
initial response after 30 days; this represents an improvement upon the operational stability
of several earlier DNA sensor architectures [295].

State-of-the-art PU biosensor literature places particular emphasis on structural and
chemical tailoring of the polymer to match it with the required task from a materials-design
perspective. Specific strategies include the use of hyperbranched or waterborne PUs for
higher functional group density and better processing, respectively; the incorporation of
nanofillers, such as carbon nanomaterials or metal nanoparticles, to enhance conductiv-
ity and stability; blending with other polymers; and surface functionalization to reduce
biofouling or immobilize biorecognition elements. These exemplify emerging amino-acid-
based poly(ester urea)s that, besides ureido linkages, offer tunable degradation profiles
and are another example of how urethane/urea-containing backbones can be engineered to
provide controllable mechanical properties, degradability, and protein-repellent behavior
in biomedical devices [296]. In terms of electrochemical biosensors, these developments
represent a toolbox of PU-family materials that can serve simultaneously as mass-transport
regulators, mechanically resilient encapsulants, and active modulators of the host response.

3.4. Hydrophilic Hydrogel and Antifouling Polymers

In real biofluids, electrochemical biosensors are limited as much by surface chemistry
as by transduction: non-specific protein adsorption and matrix deposition distort baselines,
slow electron/ion transfer, and shorten lifetime. Hydrophilic coatings such as polymer
brushes and hydrogels mitigate these effects by forming solid, moist interphases that resist
fouling while remaining permeable to analytes. Recent reviews synthesize design rules,
including the choice of neutral or charged monomers, grafting density, thickness or mesh
size, robust anchoring, and performance improvements in undiluted plasma or serum and
wearable formats [1,50].

3.4.1. PEG and PEG-like Brushes (POEGMA)

Poly(ethylene glycol) (PEG) remains the canonical low-fouling chemistry. Flexible
chains and dense hydration shells suppress protein adsorption and cell adhesion, resulting
in cleaner voltammograms and improved specificity in complex media [1,50]. On metal
electrodes, surface-initiated atom transfer radical polymerization (ATRP), including elec-
trochemically mediated surface-initiated electrochemically mediated ATRP (SI-eATRP),
produces poly(oligo(ethylene glycol) methacrylate) (POEGMA) brushes with controllable
thickness and grafting density. Both parameters determine the antifouling threshold and
diffusion penalty by electrochemical means [297]. For manufacturability, printed antifoul-
ing layers, coatings containing a photoreactive antifouling copolymer with conductive
carbon nanotubes (CNTs) on screen-printed electrodes, enable easy access to low-fouling,
disposable transducers without lengthy wet chemistry steps [71].

In PEG systems, high grafting density and moderate thickness is critical, since too thin
leaves “defect windows” for proteins, whereas too thick increases ohmic loss and slows
mass transport [1,71].

3.4.2. PHEMA (Poly(2-hydroxyethyl methacrylate))

PHEMA forms neutral, water-rich hydrogels with tunable mesh size and good optical
and mechanical stability, making it suitable for use as diffusion moderator and protective
skins over enzyme or aptamer layers [50].
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Plasmapolymerised 2-hydroxyethyl methacrylate (HEMA)/2-(diethylamino)ethyl
methacrylate (DEAEMA) films can be firmly deposited on screen-printed electrodes and
provide solid functional hydrogel coatings with suitable wettability and biointeraction,
while retaining stable electrochemical readout [298]. In flexible or sweat sensing, Cu-
modified PHEMA hydrogels laminated on screen printed electrodes (SPEs) have served
as mass transport layers for glucose or ascorbate, illustrating that catalytic inclusions
can be hosted without sacrificing antifouling behavior [299]. Where abrasion and long
wear times are expected, NSCC PHEMA (nanosilica covalently coated PHEMA) provides
superhydrophilicity and unusually high durability, thanks to Si—O covalent bonding at the
hydrogel surface [300].

During design, crosslinking light should be kept to maintain high water content.
Catalytic or conductive domains should be introduced as dispersed nanoinclusions or
interpenetrating networks to avoid blocking aqueous channels [298-300].

3.4.3. Methacrylamide

Poly(N-(2-hydroxypropyl) methacrylamide) (HPMA) is a PEG alternative for antifoul-
ing brushes, with excellent protein resistance and greater chemical stability. Two brush
attributes dominate performance: grafting density and thickness [70,301].

Reversible addition—fragmentation chain transfer (RAFT) “grafting-from” protocols
produce dense HPMA brushes directly on electrodes. Comparative studies show that higher
grafting densities (typical for graft-from versus graft-to) correlate with lower adsorption
and improved brush characteristics [70,301] PLL-g-HPMA bottlebrushes, in which a poly-
L-lysine backbone anchors to oxide or gold and HPMA side chains form the hydration
corona, provide strong antifouling across three scalable synthesis routes, offering practical
options for different fabrication lines [301]. Recent surface-initiated RAFT (including PET-
RAFT) protocols further streamline well-defined HPMA brush growth and are attractive
for patterning and multiplexing on electrode arrays [301].

The choosing between linear and bottlebrush architectures should be based on the
available space at the interface: bottlebrushes maximize hydration but increase diffusion
resistance, whereas thinner linear brushes facilitate mass transport [70,301].

3.4.4. Poly(N-isopropylacrylamide) (PNIPAm)

PNIPAm introduces thermal gating: below its lower critical solution temperature
(LCST) of ~32 °C it is hydrated and permeable. Above this temperature, it collapses, expels
water, and releases weakly bound foulants. This reversible volume change can enable
self-cleaning cycles and adaptive flux control during operation [302].

To overcome the mechanical softness of neat PNIPAm, ionogels and hybrid networks
maintain ionic conductivity and integrity while preserving thermoresponsiveness, which
makes it promising for wearables and soft bioelectronics [303]. Coupling PNIPAm to a soft
conductor, like PEDOT:PSS/PNIPAm hydrogels, yields electrodes that remain electroni-
cally percolated through the thermal cycle and have been integrated as gates in organic
electrochemical transistors and wearable devices [186].

When using PNIPAm, one should take into account the LCST shifts in high-ionic-
strength biofluids, as co-monomer or zwitterionic segments can stabilize hydration near
physiological temperatures [186,302,303].

3.4.5. Poly(vinyl alcohol) (PVA)

PVA forms highly hydrated, mechanically resilient networks through either physical
freeze-thaw crystallization or chemical crosslinking, which makes it a reliable diffusion-
moderating, antifouling cushion over delicate biointerfaces. Its dense hydrogen-bond
network and tunable water content provide dimensional stability under flow or motion,
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while the hydroxyl-rich backbone readily hosts conductive fillers (conducting polymers,
carbon, metals) or ionic dopants to build electronically or ionically conductive hydrogels
without sacrificing hydration. These traits explain why recent surveys highlight PVA as a
“workhorse” matrix for wearable and on-skin electrochemical sensors in sweat and intersti-
tial fluid, and why classic freeze-thaw design rules (cycle number, peak/low temperature,
hold time, PVA molecular weight and degree of hydrolysis) remain the first levers for
balancing permeability with toughness [304-306].

In electron-conducting PVA composites, embedding polyaniline (PANI) and Pt
nanoparticles into a PVA hydrogel built a porous, conductive channel for enzymatic glucose
detection with a uM-level LOD and a wide (1 uM-30 mM) linear range, illustrating how
noble-metal catalysis and conducting-polymer percolation can be combined inside a hy-
drated PVA network [307]. For antifouling and conductivity at once, a double-conductive
hydrogel interface (MXene and PEDOT within a hydrophilic network) enabled ultrasen-
sitive carcinoembryonic antigen detection in serum while maintaining a clean baseline,
and a PVA/PDA/PEDOT ternary conductive-antifouling coating supported direct GFAP
detection in complex clinical matrices. Both these studies exemplify how PVA’s hydration
(antifouling), PDA’s adhesion, and a soft conductor can be co-optimized for real-sample
electrochemistry [308,309]. On the ion-conducting side, purely physically crosslinked PVA
hydrogels activated by simple salt soaking deliver high ionic conductivity and elasticity,
retaining performance even near sub-zero conditions, which is useful when stable signal
and comfort are required in wearable formats [306].

In practice, a rational workflow begins by fixing the PVA network architecture through
freeze-thaw cycling, which determines mesh size and toughness. Functionality can then be
added with minimal loading of conductive fillers (e.g., PANI, PEDOT, MXene, or metal
nanoparticles) at approximately the percolation threshold required for signal transduction,
so as not to block water channels. For sustained operation in undiluted biofluids, pairing
PVA with an explicit antifouling component (e.g., polydopamine or zwitterionic segments)
helps preserve the hydration layer while maintaining electronic and ionic pathways. In
wearable formats, ionically conductive PVA gels produced by salt or plasticizer soaking
mitigate dehydration and low temperature brittleness. Finally, permeability to the intended
redox mediator and analyte should be verified early, as tightening of the network (through
additional freeze—thaw cycles or increased crystallinity) can inadvertently restrict faradaic
access [304,306,308,309].

3.5. Zwitterionic Polymers

Zwitterionic (ZW) polymers consist of repeat units with balanced positive and negative
charges that form tightly hydrated net-neutral interfacial layers that provide significant
barrier protection against non-specific absorption of complex media. This is why ZW
coatings often exhibit “ultralow fouling” behavior and longer operating lifetimes in serum,
plasma, milk, and other biofluids [1,77,259]. The practical challenge is that even though
the coatings have to remain clean, they still have to permit redox mediators, targets, and
electrons to reach the transducer. Therefore, recent research has focused on the relationship
between antifouling strength and interfacial transport or bioconjugation and it is apparent
that it can be achieved in real devices [77,259,310].

Performance on electrodes across sulfobetaines (SB), carboxybetaines (CB), and phos-
phorylcholines (PC) is largely determined by two control factors. The first one is the
architecture (dense brush, ultrathin film, or hydrogel). The second is the electrostatic
microenvironment at the interface. Multiscale studies, from atomistic modeling to brush-
level electrochemistry, show that very dense brushes maximize hydration but can increase
charge transfer resistance and hinder the diffusion of charged probes. Each effect can be
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tuned through brush thickness, grafting density, and zwitterion selection [77]. In practice,
ZW overlayers have enabled aptamer and immunosensor formats to operate in undiluted
matrices with stable baselines and preserved sensitivity, showing that antifouling and
transport do not need to be mutually exclusive [310].

3.5.1. Poly(carboxybetaine)

What makes Poly(carboxybetaine) (pCB) special is its ability to combine strong fouling re-
sistance with convenient carboxyl groups for 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC)/N-hydroxysuccinimide (NHS) coupling. Electrochemical studies of pCB methacry-
lamide (pCBMAA) brushes that have been grown from alkanethiolate self-assembled mono-
layers (SAMs) have shown that longer chain SAMs yield denser, more protein-resistant
brushes, which may result in higher interfacial charge transfer resistance unless thickness
and morphology are tuned [311]. After functionalization, the zwitterionic balance can be
perturbed. By adjusting post-activation deactivation chemistry, like rebalancing charge
after coupling, low fouling can be achieved while keeping high capture—probe loading
in undiluted media [312]. Storage tests have reinforced the practical appeal that pCB
acrylamide (pCBAA) brushes retain antifouling performance over months with just minor
changes in swelling or their binding capacity [313]. Finally, hybrid/terpolymer brushes
that combine CB with other units like SB or HPMA have delivered label-free detection of
viral targets in crude clinical samples. In that way;, it has been shown how pCB scaffolds
can be extended for demanding real-sample assays [314].

3.5.2. 2-Methacryloyloxyethyl Phosphorylcholine (MPC)-Lipidure

Phosphorylcholine (PC/MPC) polymers mimic the headgroup of phosphatidylcholine,
giving exceptionally low protein adsorption on metals, carbons, and conducting polymers.
Device-level data on mediated glucose electrodes have shown that tethered ZW coatings
(including commercial Lipidure-type films) reduced foreign-body response without com-
promising glucose sensitivity. That suggests that antifouling protection can coexist with
mediator access and electron hopping [315]. In food and clinical matrices, a thiolated PC
monomer (PC-SH) assembled on PEDOT/Au produced sub-percent signal suppression in
milk and pg mL~! detection of tetracycline, demonstrating strong antifouling performance
under protein-rich conditions [316]. On carbon electrodes, poly(2-methacryloyloxyethyl
phosphorylcholine) (PMPC) brushes were grown by surface-initiated ATRP, and they of-
fered durable protein resistance in serum, while maintaining electron-transfer kinetics for
small redox probes, illustrating that PC brushes can be both bioinert and electrochemi-
cally permissive [317]. Recent reviews have summarized how to integrate MPC chemistry
with coupling handles and when to choose brush, thin-film, or hydrogel architectures for
miniaturized biodevices [318].

3.6. Polyelectrolyte Coatings

Polyelectrolyte coatings are a convenient way to “engineer” the immediate environ-
ment of an electrochemical biosensor. By introducing a charged polymer layer—often as
part of a multilayer structure—one can tune adhesion, mass transport, charge screening,
and in some cases even antifouling and antimicrobial behavior. Cationic systems such as
poly(diallyldimethylammonium chloride) (PDDA), poly-L-lysine (PLL), and N-halamine-
based polymers (PMPQ-type), together with anionic copolymers like poly(vinylimidazole-
co-sodium styrenesulfonate) (P(VI-SS)), are among the most commonly used families in
this context.

Below, four representative examples are discussed: PDDA and PLL, where recent
electrochemical sensor work is available; PMPQ-type N-halamine polyelectrolytes, mainly
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in antimicrobial coatings; and P(VI-SS), which has reappeared in modern, protected redox-
polymer biosensors.

3.6.1. P(VI-SS) as a Protective Anionic Polyelectrolyte

Poly(1-vinylimidazole-co-styrene sulfonate) (P(VI-SS)), is a 1:1 copolymer of poly
(vinylimidazole) and polysulfostyrene. It carries a high density of sulfonate groups and
is strongly anionic under physiological conditions. It has been recently revisited as an
intermediate protective layer in redox-polymer enzyme electrodes.

Figueiredo et al. used P(VI-SS) in combination with a zwitterionic MPC copolymer as
a protective coating in an amperometric galactose biosensor designed for human plasma.
The inner sensing layer consisted of galactose oxidase embedded in an osmium-modified
poly(vinylimidazole) redox polymer (PVI-Os). On top of this, a thin P(VI-SS) coating was
applied to repel anionic interferents such as ascorbic and uric acids, and finally an outer
MPC film was added to mitigate protein fouling. Compared with uncoated electrodes, the
P(VI-SS)/MPC-protected sensors showed strongly suppressed interference currents and
preserved approximately one-third of their catalytic response when switching from buffer
to plasma. The authors attributed this improvement to the strong electrostatic exclusion of
small anions by P(VI-SS), combined with the protein-repellent nature of MPC [43].

Cross-linkable multilayer architectures reported by Lielpetere et al. reinforce this
picture, where P(VI-SS) acts as the charged “filter” layer, while MPC or other hydrophilic
polymers define the antifouling interface [319]. In that sense, P(VI-SS) is a good example of
how polyelectrolytes can be used not only to build or stabilize redox-polymer films, but
also to introduce a defined charge-based selectivity into the overall coating.

3.6.2. Poly(diallyldimethylammonium Chloride) (PDDA)

PDDA is a strong cationic polyelectrolyte with permanent quaternary ammonium
groups. In sensing applications, it is usually not used alone, but as a “glue” that binds and
disperses nanomaterials or builds layer-by-layer (LbL) structures.

Liu et al. demonstrated a simple example: they assembled PDDA and 3-cyclodextrin
(B-CD) alternately on a glassy carbon electrode to create a multilayer film for paracetamol
detection. The PDDA /3-CD coating provided a porous, hydrophilic network that improved
electron transfer and enhanced preconcentration of paracetamol, delivering a low detection
limit (~30 nM) and good stability over weeks [320]. Zhang et al. took a similar approach
but with a different target, using a gold nanoparticle-PDDA-reduced graphene oxide
(AuNP-PDDA-rGO) nanocomposite to detect bromate. Here, PDDA acted as the cationic
dispersant for rGO and as a soft support for in situ AuNP formation. The resulting electrode
showed high sensitivity and a detection limit in the 1078 mol-L~! range, benefiting from
both the high surface area of rGO and the preconcentration of anionic bromate by the
PDDA phase [321].

Across such examples, PDDA consistently plays three roles: stabilizing nanoma-
terials in water, providing a positively charged environment that preconcentrates an-
ionic analytes, and enabling straightforward construction of LbL architectures through
electrostatic assembly.

3.6.3. Polylisine (PLL)

PLL is another cationic polyelectrolyte, but with a polypeptide backbone. Its dense
array of primary amines makes it attractive for immobilizing biomolecules and for building
redox-active polymers.

Estrada-Osorio et al. modified PLL with ferrocene carboxylate to obtain a redox-active
polymer (Fc-PLL) for mediated glucose biosensing. The Fc-PLL film, co-immobilized with
glucose oxidase, provided both a high density of redox centers and a cationic scaffold
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that promoted enzyme entrapment. The sensor showed a wide linear range (up to 10 mM
glucose) and micromolar-level detection limits, illustrating how a polyelectrolyte backbone
can be “upgraded” into a redox polymer while retaining its electrostatic and adhesive
advantages [322]. In a different direction, Santana et al. used PLL as a structural and
functional matrix for a DNA biosensor for hepatitis C virus. They built a three-dimensional
PLL/carbon nanotube (CNT) film on the electrode, taking advantage of electrostatic inter-
actions between cationic PLL and carboxylated CNTs. The resulting 3D network provided
a high surface area and abundant amine groups to covalently attach DNA probes, leading
to enhanced hybridization signals and improved analytical performance [323].

These studies highlight PLL’s versatility. The same polymer can act as a benign,
biocompatible matrix for biorecognition layers, or as the backbone for redox-polymer
architectures, depending on how it is chemically modified.

3.6.4. PMPQ and Related N-Halamine Polyelectrolytes

Poly(2,2,6,6-tetramethyl-4-piperidyl methacrylate-co-trimethyl-2- methacryloxyethy-
lammonium chloride) (PMPQ)-type polymers belong to the broader class of cationic
N-halamine polyelectrolytes. They are best known not from electrochemical sensing,
but from antimicrobial coatings that combine a charged backbone with reversible N-Cl
(or N-Br) functionalities.

Chen et al. synthesized cationic polymeric N-halamines that bind to bacterial biofilms
and inactivate adherent bacteria after chlorination. The cationic character drives association
with negatively charged cell surfaces, while the N-halamine groups provide oxidative
killing. Importantly, the coatings can be “recharged” by brief exposure to dilute bleach,
restoring their antimicrobial capacity [324]. Li et al. showed a similar concept on cotton,
where layer-by-layer assembled N-halamine copolymer coatings imparted strong antibacte-
rial and antifungal properties to fabrics, with good washing durability. While Li et al. do not
use PMPQ specifically, they illustrate the broader applicability of N-halamine-containing
polyelectrolytes as robust, regenerable antimicrobial coatings [325].

Although these works do not involve electrochemical readout, they are relevant for
sensor coatings in situations where long-term exposure to biofilms or contaminated fluids
is expected. In such cases, PMPQ-like polyelectrolytes could act as outer antimicrobial
layers in a multilayer stack, provided that their oxidative activity is spatially separated
from sensitive enzyme or aptamer layers.

3.7. Engineering Thermoplastics and Hydrophobic Membranes

Hydrophobic engineering thermoplastics and fluoropolymers are widely used in elec-
trochemical biosensors as mechanically robust, chemically inert supports and as diffusion-
controlling membranes. Their low surface energy and controlled porosity allow them to act
as size- and mass-transport selectors, often physically separating the biological recognition
element from the external medium while still allowing small analytes or ionic currents to
pass. In parallel, the same materials are increasingly used in housings, connectors, and
packaging, which strongly influences the practical stability of point-of-care and wearable
devices. This section focuses on polycarbonate, styrene/vinylbenzene polymers, polylactic
acid (PLA), poly(vinyl chloride) (PVC), and polytetrafluoroethylene (PTFE) in such roles.

3.7.1. Polycarbonate

Track-etched polycarbonate (PC) membranes are a workhorse support for nano- and
micro-structured biosensors. Their well-defined cylindrical pores (typically tens to hun-
dreds of nanometres in diameter) provide a reproducible nanochannel geometry that can
be coated with conductive or bioactive layers.
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A representative example is the perforated PC membrane modified with single-walled
carbon nanotubes and graphene oxide (PCM/SWCNT/GO) or reduced graphene ox-
ide (PCM/SWCNT/rGO), on which glucose oxidase (GOx) was immobilized to form an
amperometric glucose biosensor. Scanning electrochemical microscopy (SECM) and electro-
chemical impedance spectroscopy (EIS) were used to map local activity and pore blocking,
demonstrating how the PC scaffold supports electronically active carbon coatings while
maintaining through-pore mass transport [326]. Complementary work using scanning
electrochemical impedance microscopy to estimate the effective thickness of Cyclopore® PC
membranes highlights how thickness uniformity and pore architecture can be quantified
and related to ionic transport [327].

More recently, PC track-etched membranes have been exploited as nano-sieve plat-
forms in highly sensitive electrochemical nano-biosensors for viral detection. Priyadarshini
et al. designed a GO-functionalized PC track-etch membrane with integrated silver elec-
trodes, on which SARS-CoV-2 spike protein was detected via covalently immobilized
antibodies. Binding events partially blocked the nano-sieve, causing a pronounced de-
crease in ionic current; femtomolar detection limits were achieved when Protein-G mediated
antibody immobilization was used, underscoring how the combination of nanostructured
PC and tailored surface chemistry can convert subtle binding into large changes in trans-
port [328].

Taken together, these studies illustrate a shared design logic. Polycarbonate provides
a mechanically stable, easily handled template with tunable pore size and thickness, while
the actual electronic and biochemical functionality is supplied by thin composite films
(carbon nanomaterials, graphene derivatives, metal layers, or biointerfaces) deposited
on the pore walls. For protective coatings, PC thus acts less as a “barrier” and more as
a structural skeleton that defines the geometry of the electrochemical interface and the
balance between sensitivity and robustness.

3.7.2. Styrene/Vinylbenzene

Styrene-based thermoplastics (polystyrene and styrene-butadiene-styrene block
copolymers) offer a combination of hydrophobicity, processability, and mechanical tough-
ness that is attractive for membranes and flexible supports. Their aromatic backbones
provide a low-permeability and solvent-resistant matrix, while electrospinning or blow-
spinning can introduce hierarchical porosity. For example, ultra-high-molecular-weight
polystyrene porous fiber membranes prepared by microfluidic blow-spinning show high
tensile strength, good elongation at break and water contact angles > 110°, making them
promising candidates for hydrophobic membrane supports in sensing and separation [329].

In parallel, styrene-butadiene-styrene (SBS) and related styrenic elastomers have been
used as flexible matrices for strain and pressure sensors. SBS composites with segregated
cellulose nanocrystal/carbon black networks exhibit high gauge factors and mechanical
durability, enabling reproducible strain sensing under large deformations [330]. While
these devices are not “biosensors” in the strict sense, they demonstrate the capacity of
styrenic matrices to host conductive fillers while retaining elasticity and environmental
stability properties that are directly relevant to wearable biosensing formats.

Beyond purely hydrophobic roles, sulfonated styrene—ethylene-butylene-styrene
(SEBS) triblock copolymers show how styrenic frameworks can be chemically modified into
ion-conducting membranes. Soft-block sulfonated SBS/SEBS membranes with crosslinking
exhibit high proton conductivity in water and improved dimensional stability compared
to conventional polystyrene-block-sulfonated systems. Although developed for fuel-cell
proton-exchange membranes, this work is instructive for biosensors, since it demonstrates
that one can start from a mechanically robust styrenic thermoplastic and introduce con-
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trolled ion-conducting channels, effectively decoupling mechanical integrity from ionic
transport [331].

For electrochemical biosensors, styrene/vinylbenzene polymers therefore mainly
provide hydrophobic mechanical scaffolds and, when sulfonated or blended, tunable
ionic pathways. Their role as protective coatings is particularly relevant where long-term
dimensional stability and resistance to swelling or solvent attack are required.

3.7.3. Poly(lactic acid) (PLA)

PLA is an engineering thermoplastic that brings an additional dimension to sensor
design: biodegradability and bio-origin. PLA nanocomposites have been extensively
reviewed as sensor materials, covering moisture, piezo/strain, chemical, thermal, and
biosensing applications. Incorporation of nanofillers such as carbon nanotubes, graphene,
quantum dots, or metal oxides enhances electrical and thermal properties while preserving
the overall degradable character of the matrix [332].

Traditionally, PLA has been used a lot in sensor packaging and system-level compo-
nents [333]. However, several studies illustrate how PLA can move from a “structural
plastic” to an active component in sensor architectures. Disposable sensors based on PLA
piezoelectrets have been demonstrated, where a porous, charge-trapped PLA film acts as a
biodegradable transducer for compressive and tensile forces [334]. Bifunctional PLA /PEG
nanofiber mats produced by solution-blow spinning have been used as degradable sup-
ports for electrochemical biosensors, with Prussian Blue nanoparticles electrodeposited to
detect hydrogen peroxide in undiluted human urine. The PLA /PEG scaffolds provide a
porous, wettable, and ultimately waste-free support, while the inorganic phase supplies
the electrochemical activity [335].

PLA is also being used directly in electrochemical sensing by combining it with
conductive fillers. For instance, polyaniline/PLA /ZnO films prepared by solution blow
spraying show thermoresistive behavior suitable for temperature sensing, with the PLA
matrix providing mechanical support and processability, and the PANI/ZnO network en-
suring conductivity and temperature sensitivity [336]. Likewise, 3D-printed graphite/PLA
biocomposite electrodes have been employed for voltammetric determination of TNT,
demonstrating that relatively simple fused-deposition modeling can yield low-cost, dispos-
able sensors based on PLA composites [337].

Overall, PLA and PLA-based composites are emerging as multifunctional materials for
biosensing. Mainly, they have been used as (i) degradable supports for electrochemical or
piezoelectric transducers, (ii) porous membranes when electrospun or solution-blow-spun,
and (iii) structural elements in additive-manufactured device platforms.

3.7.4. Poly(vinyl chloride) (PVC)

PVC remains the dominant matrix for potentiometric ion-selective electrodes and is
increasingly engineered for improved hydrophilicity, antifouling behavior, and mechanical
robustness. Conventional PVC membranes plasticized with appropriate phthalates or
citrate esters provide a hydrophobic environment in which lipophilic ionophores and
ion-exchangers can be dissolved, defining the selectivity of ion-selective electrodes. Recent
work on PVC plasticized membranes modified with FesO,4 nanoparticles has demonstrated
improved potentiometric sensing of highly hydrated anions such as sulfate, which are
otherwise difficult to extract into non-polar polymer matrices. The magnetic nanoparticles
not only modify microstructure and dielectric properties but also appear to facilitate ion
exchange at the membrane/solution interface, extending the linear range and lowering the
detection limit [338].
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The hydrophobicity and fouling tendency of PVC membranes have motivated the
incorporation of hydrophilic or bio-based modifiers. For example, Fe304@Gum Arabic
nanocomposites have been embedded into PVC nanofiltration membranes to increase
hydrophilicity, water permeability, and antifouling behavior in water treatment [339].
Although this work targets filtration rather than biosensing, the same strategy, decorat-
ing a PVC matrix with hydrophilic nanodomains, could be translated into ion-selective
membranes operating in complex biofluids, where reduced protein adsorption and stable
baseline are required.

In the context of protective coatings, PVC thus acts primarily as a hydrophobic,
ionophore-compatible host that can be systematically modified with nanoparticles or hy-
drophilic additives to balance permselectivity, fouling resistance, and mechanical stability.

3.7.5. Polytetrafluoroethylene (PTFE)

PTEFE is arguably the archetypal hydrophobic, chemically inert polymer. Its extremely
low surface energy and high crystallinity make it an excellent barrier layer, but also a
challenging substrate for biofunctionalization. Porous PTFE membranes, however, are
widely used as supports and selective barriers in electrochemical devices. A notable
example in biosensing is the efficient portable urea biosensor where urease is immobilized
on parylene-A coated PTFE membranes. The parylene coating improves adhesion and
provides reactive groups for crosslinkers, while the underlying porous PTFE maintains
mechanical integrity and defines the mass-transport characteristics of the membrane [340].

More recently, PTFE has been integrated into electrochemical devices as part of
all-polymer conductive architectures. PEDOT:PFg electropolymerized onto commercial
porous PTFE membranes forms a thin, porous, electrically conductive layer, yielding
a self-conductive PTFE-based gas diffusion layer (GDL) for CO, electroreduction. The
PEDOT coating renders the otherwise insulating PTFE electroactive while preserving
gas permeability and mechanical robustness under industrially relevant operating condi-
tions [341]. This concept of adding a conformal conducting polymer layer onto a porous
PTFE scaffold, could be readily adapted to electrochemical biosensors, where gas or analyte
transport through a hydrophobic, mechanically stable support must coexist with efficient
electron transfer.

In summary, PTFE and porous PTFE membranes are best viewed as chemically inert,
hydrophobic backbones that can be tailored via thin functional coatings (parylene, conduct-
ing polymers, bio-interfaces) to provide mass-transport control and robust encapsulation,
particularly in aggressive or long-term applications [340].

3.8. Protein/Bio-Derived and Inorganic Hybrid Coatings
3.8.1. Bovin Serum Alboumin (BSA)

Bovine serum albumin (BSA) is probably the most widely used “quick-and-dirty”
antifouling layer in electrochemical biosensors. In its simplest form, a BSA blocking step
is applied after immobilizing the capture layer, so that any remaining bare sites on the
electrode or linker film are covered by a hydrated protein monolayer. This protein “cushion”
screens hydrophobic patches and charged sites that would otherwise attract non-specific
proteins and cells, and it is therefore routinely recommended in antifouling overviews
alongside PEG and zwitterionic polymers [1].

From an electrochemical standpoint, BSA is a double-edged sword. Monolayer-
protected gold electrodes illustrate the trade-off nicely. Increasing BSA coverage improves
resistance to non-specific adsorption, but it also increases the charge-transfer resistance
for outer-sphere redox probes and can attenuate faradaic signals from the actual biorecog-
nition event if the layer becomes too compact [342-344]. In other words, the same hy-
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drated, globular structure that makes BSA anti-adhesive also makes it a relatively poor
electronic conductor.

Recent work has moved beyond simple physisorbed monolayers towards protein
hydrogels and hybrid BSA interfaces designed explicitly for antifouling electrochemical
sensing. Denatured BSA hydrogels, formed by controlled unfolding and crosslinking of
the protein, create a three-dimensional, highly hydrated network that can host recognition
elements while strongly suppressing non-specific adsorption. When combined with a
conductive substrate, such as a carbon or metal nanostructure, these hydrogels support
sensitive IgG detection directly in serum with minimal baseline drift [345]. A related
concept uses amyloid-like BSA (AL-BSA) fibrils co-assembled with a conducting polymer to
form a soft, percolating film. This architecture has enabled ultrasensitive protein detection
in human serum by decoupling the antifouling function (hydrated AL-BSA network) from
charge transport (m-conjugated polymer) [342].

Phase-transited BSA (PTB) is another variant where rapid reduction of disulfide
bonds triggers BSA aggregation into a robust membrane. PTB coatings have been used as
ultralow-fouling interlayers in uric acid sensors, enabling direct measurements in undiluted
serum with only minor signal suppression, while maintaining high sensitivity thanks to
an underlying conducting polymer layer [346]. Similarly, BSA hydrogels doped with
conductive carbon black provide a practical route to low-fouling cortisol biosensors, where
the carbon particles form an electronic pathway, while the BSA matrix preserves a hydrated,
protein-repellent surface that tolerates repeated measurements in complex matrices [181].

Taken together, these developments reframe BSA from a purely “sacrificial” block-
ing agent into a structural material for antifouling interfaces. Design choices revolve
around (i) how thick and crosslinked the BSA layer should be to balance fouling resistance
with acceptable charge-transfer resistance; (ii) whether to maintain BSA as a monolayer
(minimal diffusion penalty) or as a gel (maximal fouling resistance); and (iii) how to in-
tegrate conductive phases so that electrons or ions can percolate through an otherwise
insulating protein network. In practice, many successful devices use BSA as a hydrated
intermediate layer between the hard electrode (often nano-structured or coated with a
conducting polymer) and the fragile biorecognition film, acting simultaneously as a me-
chanical cushion, an antifouling barrier, and in newer designs, a component of a composite
conductive hydrogel.

3.8.2. Silica Sol-Gel and Inorganic Protective Layers

Silica is a very different kind of protective coating. It is an inorganic, usually insulating
network that can be deposited as thin films or mesoporous layers by sol-gel chemistry,
electrochemically assisted self-assembly or related routes. Despite its poor intrinsic con-
ductivity, silica has become a standard platform in electrochemical sensing because its
composition, porosity, thickness and surface chemistry are highly tunable [347,348]. For
protective coatings, this tunability is exploited to create size- and charge-selective barriers
that allow small redox mediators or analytes to diffuse while excluding proteins, cells,
and particulates.

Current reviews emphasize two broad classes of silica architectures for electrochemical
biosensors: (i) mesoporous or nanoporous films with well-defined pore sizes and orienta-
tions and (ii) organic—inorganic hybrids and composite silica films, where organosilanes,
polymers, or nanoparticles are co-condensed with the silica matrix [347-349]. Vertically
aligned mesoporous silica films on electrodes, for instance, offer fast, one-dimensional
transport of small ions through aligned channels while physically blocking macromolecules,
leading to high sensitivity and good fouling resistance in biological samples [347,349]. More
recently, composite silica films have been developed that incorporate carbon nanomate-
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rials or metal nanoparticles into sol-gel derived coatings, combining the mechanical and
chemical robustness of silica with improved conductivity and catalytic activity [348,350].

Enzyme entrapment in silica sol-gel matrices remains a classic but still very active
strategy. Sol-gel encapsulation of glucose oxidase (GOx) within mesoporous silica can
preserve enzyme activity and create a confined microenvironment that protects against
denaturation while ensuring access for glucose and the redox mediator [347,348,351]. In
flow-type devices, glucose oxidase-loaded mesoporous silica particles have even been
packed between a nanohole array electrode and a hydrogel layer to build a compact flow
biosensor unit, where the silica provides both high surface area for enzyme loading and a
mechanically stable scaffold that withstands repeated flow cycles [351]. Mesoporous silica
films have also been used directly as antifouling coatings on graphene-modified electrodes,
where the pores are small enough to exclude serum proteins but large enough to allow the
target analyte and mediator to diffuse, sustaining stable calibration slopes in undiluted
serum [350].

From a design perspective, silica coatings are most effective when the pore size and
connectivity are matched to the relevant length scales. Pore diameters on the order of a
few nanometers exclude most proteins but allow small metabolites, while thicker films
improve mechanical robustness at the cost of increased diffusion times [347,348,350]. The
surface charge of the silica can also be tuned to preconcentrate or repel charged species.
For electrochemical biosensors, hybrid architectures where a conductive underlayer or
co-embedded nanostructures handle charge transport and the silica phase mainly governs
mass transport and fouling, have emerged as a practical compromise between protection
and performance.

3.8.3. Eggshell Membrane

Eggshell membrane (ESM) is an intriguing example of a waste-derived biopolymer
that can be repurposed as a protective or functional layer in biosensors. Structurally, ESM
is a thin, fibrous protein network that is rich in collagens and glycoproteins and is located
between the calcified shell and the egg white. It combines high porosity, micrometer-scale
thickness and good mechanical integrity. It is produced at industrial scale as a low-value
by-product. Recent engineering and materials science reviews have described how these
hierarchical protein fibers can be cleaned, decalcified, and processed into membranes,
powders or dissolved fractions for biomedical and materials applications [352,353].

For electrochemical biosensors, the most direct approach has been to use native ESM
as an immobilization and protective matrix on the electrode surface. A classic example is
the reusable glucose sensor where glucose oxidase was immobilized within the eggshell
membrane and the membrane itself was mounted on the electrode as a semi-permeable,
enzyme-bearing film. The ESM provided a mechanically robust scaffold that could be
repeatedly mounted and removed, while its porous structure allowed rapid diffusion of
glucose and mediator, resulting in stable responses over many measurement cycles [354].
More recent work has taken a broader biocatalysis perspective, showing that ESM can serve
as a generic feedstock for enzyme immobilization, with multiple lipases and oxidases being
immobilized by simple adsorption or covalent coupling, while retaining good activity
and reusability. These studies highlight that the native chemistry and rough, fibrous
topology of ESM are naturally well suited to anchoring proteins without extensive surface
modification [355].

Beyond using intact membranes, ESM is increasingly processed into composite films
and hydrogels. ESM-derived proteins and fibers have been combined with PVA to form
electron-beam-crosslinked hydrogels with interconnected porous networks and high water
uptake [356]. Although primarily explored for wound-healing applications, the same
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features (soft, hydrated networks reinforced by ESM fibers) are attractive for protective
skins over flexible electrodes, especially when combined with conductive fillers. Simi-
larly, soluble eggshell membrane fractions have been blended with chitosan to prepare
antibacterial, biodegradable films in which the ESM component contributes both mechan-
ical reinforcement and bioactivity [357]. From the perspective of sensor coatings, these
ESM-based biopolymer films show that eggshell derivatives can be cast, crosslinked and
composited in ways that are compatible with thin-film processing rather than relying solely
on the original membrane geometry.

Recent biopolymer overviews place ESM alongside cellulose, chitosan, and silk fi-
broin as a promising processable natural polymer, emphasizing routes to convert it into
value-added membranes, fibers, and hydrogels for biomedical devices, biosensors and
environmental applications [352]. In parallel, work on bone regeneration and tissue engi-
neering underlines that ESM and ESM-derived collagen matrices can act as mechanically
competent, bioactive scaffolds, which further supports the idea that they can withstand
long-term deployment as protective interlayers on implanted or wearable electrodes [358].

In practical terms, eggshell-based coatings for electrochemical biosensors are still at
an exploratory stage, but a few design lessons are beginning to emerge. First, thickness
control is crucial, since native membranes are tens of micrometers thick, so partial thinning,
selective decalcification or incorporation into thinner polymer blends may be needed to
avoid excessive diffusion barriers. Second, because ESM is electrically insulating, con-
ductive pathways must come from the underlying electrode or from added fillers. ESM
is best thought of as a structural and antifouling scaffold, not as a conductor. Finally, its
origin as a food-industry waste stream means that ESM-based films sit naturally within a
sustainability narrative, which may be attractive for future sensor platforms that aim to
couple high performance with low environmental footprint.

4. Coating Fabrication Methods

The electrode converts biochemical into electrical signals. The immobilization of the
recognizing element, while maintaining its capability, is essential for the performance
of bioelectrodes. In addition to the biorecognition element, a range of other materials is
incorporated onto the electrode surface to enhance the efficiency of the biosensor. The
coating fabrication is an effective and simple method for integration of soluble sensitive
materials together with other key components (Figure 6) into a thin film on the top layer
of a substrate [359]. The field of research dealing with advancement in nano-biosensors
(nBioSensors) is vast and comprises of a variety of multidisciplinary aspects. The primary
applications of nano-biosensors can be broadly divided into the following fields: moni-
toring of air, food, and water quality, medical research, biosecurity, and public health and
safety. These fields of research can be further subdivided into additional categories [360].
The fabrication process of polymer coatings does not necessitate costly equipment or
extreme fabrication conditions, rendering it appropriate for a majority of adaptable sub-
strates, particularly when there are no stringent specifications regarding the boundary
range of the sensitive material film [361,362]. This section introduces specific methods for
manufacturing polymer coatings.

4.1. Drop-Casting

Sharma et al. [363] have used drop-casting for the preparation of polyvinyl alcohol
(PVA), polyethylene glycol (PEG), and optimized 50:50 blends of the two polymers. They
characterized the resulting coatings and found that the polyblends exhibit an increased
disorder due to interaction of functional groups in the respective single components. Bravo-
Sanchez et al. [364] utilized an automated drop-casting coating technique to fabricate
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polymeric sensing films of poly(methyl methacrylate) (PMMA), Apiezon®, and ethyl
cellulose on a quartz crystal microbalance, resulting in reduced film surface roughness
and uniformity in layer thickness. Suganthi et al. [365] used drop-casting to develop a
chitosan-based nanocomposite with functionalized ZnS nanoparticles with cholesterol
oxidase (ChOx) for the detection of cholesterol.
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Figure 6. Research and applications fields of nBioSensors (Reproduced from [360] with permission).

4.2. Dip-Coating

Dip-coating is a technique wherein the substrate is submerged in a coating solution for
a specified duration and subsequently, under avoidance of vibrations, removed vertically
at a constant velocity, allowing for solvent evaporation. The rate of withdrawal and
the conditions of evaporation significantly influence the film creation process, as the
film is mostly created through solvent evaporation during the typically brief withdrawal
period [362]. The polymer solution can also contain dispersed nanoparticles that can
be co-deposited and form nanocomposite coatings with improved properties [366]. Not
only standard electrode materials like metals, glassy carbon or ITO can be deployed
as substrate but also paper. In this respect Kumar et al. have prepared PEDOT:PSS-
based nanocomposites with iron oxide (Fe3O4) nanoparticles [367] or graphene [368] and
used them in immunosensors for the detection of carcinoembryonic antigen (CEA), with
superior performance of the Fe304 containing electrode coating. Fe3O4-and-ZnO-based
nanocomposites on an F-doped tin oxide (SnO,) electrode have been also applied by
dip-coating and used as an urea biosensor [369].

A major problem of the otherwise simple dip-coating method is the need for large
volumes of stable coating solutions or suspensions, which often contain expensive or
dangerous substances. Further, the dip-coating solution or dispersion may be contaminated
with components already applied on the electrode to be coated [362].
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4.3. Spin-Coating

Among various fabrication methods for polymer coatings, spin coating stands out as
particularly straightforward and rapid, enabling the production of ultrathin membranes
with a thickness of less than 1 um [370]. A small quantity of the material is applied at the
center of the substrate, which is subsequently rotated at an increased speed to distribute
the coating materials across its surface through the application of centrifugal force. The
solvent employed is mostly volatile and evaporates concurrently. The film thickness is
influenced by the angular speed of spinning, the type of solvent used, speed, and the
viscosity of the solution. This method presents multiple advantages over conventional
methods due to the formation of a uniform and thin layer film, which is additionally
more suitable for membrane applications [371]. In case of composite membranes, the
ratio of the filler strongly affects the properties of the resulting coating and thus attention
must be paid to that [372]. As an example, spin-coating can be used for the preparation
of surface-mounted metal-organic frameworks (MOFs) for the preparation of surface-
active electrodes with high (electro)catalytic activity [373]. The spin-coating technique
facilitates the swift production of pNIPAm substrates, ensuring excellent repeatability
and homogeneity. Dzhoyashvili et al. [374] examined the fluctuations of cell attachment,
development, and functioning on non-cross-linked spin-coated pNIPAm films of varying
thicknesses. The analysis of advancing contact angle indicated that contact angles increased
as film thickness increased. The findings indicate that the more hydrophilic 50 and 80 nm
thin pNIPAm films are advantageous for cell sheet fabrication, while the more hydrophobic
300 and 900 nm thick spin-coated pNIPAm films hinder cell attachment. The observed
alterations in cell behavior were associated with variations in the thickness and moisture
content of pNIPAm films.

4.4. Electrodeposition—Electropolymerization

The cathodic electrochemical deposition (CED) of chitosan is a mild, cost-effective,
and environmentally friendly technique for synthesizing hybrid or functionalized chitosan
materials. This process occurs as the local pH increase, resulting from the electrochemical
cathodic half-reaction, facilitates the chemical precipitation of chitosan, which incorporates
relevant species from the electrolytic solution into its structure [144]. A separate anodic
electrodeposition mechanism was reported by Kim et al. [375] allowing chitosan hydrogel
films to be assembled at an electrode address [376].

Luo and coworkers [377] developed chitosan-CNTs nanocomposites through a straight-
forward and controllable approach involving cathodic electrochemical deposition exhibit-
ing strong electrocatalytic capabilities for the reduction and oxidation of HyO,. Other
compounds that have been detected using chitosan based voltametric biosensors are cat-
echol, bis-phenol, amitrole, neotame, luteolin, hydrochinone, and different organophos-
phates. Amperometric biosensors are used to detect ascorbic acid, phenols, acetaminophen,
hydrogen peroxide, ethanol, and glucose [378].

Electropolymerization can be combined with a molecular imprinting technique for
the preparation of an electrochemical sensor with gold nanoparticles functionalized with
p-aminothiophenol (AuNPs-pATP) for caffeine quantification (Figure 7) [379].

4.5. Electrospinning

The electrospinning technique employs a high voltage of 10-25 kV to extract fibers
from a liquid at the micro or nano scale. The setup consists of four primary elements: a
reservoir holding the dispersion solution, a high-voltage power source for either alternating
or direct current, a spinneret (needle), and a grounded collector. The polymer solution
is forced through the metallic nozzle by an external pump while the specified voltage is
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MODIFICATION WITH AuNPs - pATP 4 Template

applied to this nozzle. When voltage is applied, the formed droplet transforms its shape
into what is known as a “Taylor cone.” In general, when subjected to an electric field, a
charged jet is expelled in a linear trajectory, gradually narrowing and oscillating resulting in
the continuous formation of the fiber. As the jet narrows, it undergoes solidification, leading
to its deposition on the grounded collector [380]. The formation of electrospun fibers and
the adjustment of their diameters are primarily influenced by the applied voltage, the flow
rate of the liquid, and the distance between the needle tip and the collector. The solution
jet creates a fibrous film on the supporting material (often an aluminum foil) through the
process of solvent evaporation. The concentration of the polymer solution significantly
influences the morphology of the electrospinning products [366,381,382]. Recently, Rujiralai
et al. [382] synthesized novel polyvinyl alcohol/gum tragacanth molecularly imprinted
electrospun nanofibers out of a polymer mixture of polyvinyl alcohol (PVA) and gum
tragacanth (GT), under a voltage of 25 kV. This material has been utilized for the preparation
of screen-printed electrodes (SPEs) aimed at the removal of bisphenol A (BPA). Wang
et al. [383] have deployed electrospinning for the preparation of polyurethane-core and
gelatin-shell coaxial fiber coatings for miniature implantable biosensors.
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Figure 7. Schematic illustration of the preparation of electropolymerized MIP film and its application
for the quantification of caffeine. Reproduced from [379] with permission.

4.6. Screen Printing

As an increasing portfolio of electrochemical and biosensors is being developed annu-
ally, there is a necessity for dependable and effective approaches to large-scale production
in order to satisfy this demand. Screen printing is an accessible, cost-effective, and adapt-
able method. This additive manufacturing technique is esteemed for these reasons. The
essential configuration necessitates the use of a squeegee for vertical printing, a mesh
structure to contain the design, and printing paste(s). Screen-printed electrodes (SPEs)
have been utilized for several decades as disposable point-of-care diagnostic tools for
the development of electrochemical sensors that meet the necessary criteria. The process
of screen printing the electrode onto a substrate enables miniaturization, enhances cost-
effectiveness, and improves the portability of the sensor through the integration of the
working, reference, and counter electrodes (Figure 8). SPEs facilitate mass manufacturing
due to their straightforward fabrication process and the streamlined nature of the sensor
design [384-386]. Shaikh et al. [387] report on the development of an inexpensive and
disposable immunosensor for the sensitive, specific, and label-free detection of HSA using
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electrochemical impedance spectroscopy (EIS). In this respect, a straightforward one-step
screen-printing protocol has been employed to create a carbon-based three-electrode system
on flexible substrates. In order to achieve efficient antibody immobilization and enhance
sensitivity, the carbon working electrode underwent a sequential modification process
involving electropolymerized polyaniline (PANI) followed by the electrodeposition of gold

nanocrystals (AuNCs).
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Figure 8. Schematic diagram of (a) nylon fabric-based electrochemical sweat sensor electrode pre-
pared by screen printing process. The formation of Ti3CyTx/PANI nanocomposite includes (b) the
stripping process of TizAlC; and (c) the polymerization process of ANI. Schematic illustration of
(d) electrochemical sensor electrode structure based on nylon fabric and (e) non-invasive wearable
sweat biosensor for sweat glucose detection using TizCp Tx /PANI nanocomposite layer. Reproduced
from [388] with permission.

Haroon and Stine [384] give an overview on the preparation of screen-printed car-
bon electrodes (SPCEs) that integrate reference, working, and counter electrode on a
polymer or ceramic substrate. The screen-printed materials can be modified with catalyti-
cally active components such as metallic nanoparticles (e.g., Au) or graphene oxide and
carbon nanotubes or modify their surface by plasma treatment [389] or application of
polymer coatings.

4.7. Layer-by-Layer (LbL)

In comparison to alternative deposition methods, the layer-by-layer (LBL) assembly
technique facilitates the creation of a three-dimensional film architecture that allows for pre-
cise control over composition, layer count, and film thickness at the molecular or nanometer
scale. Moreover, the LbL assembly technique is straightforward and applicable to diverse
substrate matrices with varying characteristics, dimensions, and topologies by selecting the
kind of polyelectrolytes as they enable the fabrication of multilayer films that mostly de-
pends on the electrostatic attraction between positively and negatively charged substances.
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The formation of multilayer LbL films is predominantly governed by Coulombic interac-
tions between the supporting material and polyelectrolytes; however, other interactions,
such as hydrogen bonding, van der Waals forces, and dipole-dipole interactions, also affect
the stability of the LbL films [390]. The thickness of the layers and other microstructural
characteristics of these assemblies were shown to be influenced by the kind of charged
species, their concentration, molecular weight, charge, and pH [391,392]. The layer-by-layer
method is straightforward and cost-effective, frequently yielding a durable film. Addi-
tionally, the integration of metal nanoparticles and carbon-based nanomaterials is feasible,
which may improve the performance of the biosensor [393]. This method was utilized
to create the biosensor electrode for the immunosensing of PSA [394]. The deposition
method starts with the formation of a self-assembled monolayer (SAM) on a gold electrode,
which was subsequently used for layer-by-layer film construction. The SAM-modified
electrode was immersed in a cationic polymer solution of poly(ethylenimine-PEI), followed
by immersion in an anionic solution of poly(vinylsulfonic acid, sodium salt-PVS), and then
returned to PEI The outer PEI creates positively charged groups on the surface, which
were employed for the immobilization of an AuNP-conjugated PSA antigen. This pro-
posed sensing method demonstrated a reduction in analysis time compared to traditional
sandwich-assay-based PSA detection and eliminated the need for secondary antibodjies.

LbL proved to be a universal method for the automated preparation of aptamer-based
electrochemical biosensors that enable for example the identification and quantification of
carcinogenic pesticide residues such as glyphosate in groundwater at 0.3 pM levels with
high selectivity [391]. Recently, Qin et al. [395] have developed a cell separation technique
to capture tumor cells from peripheral blood samples utilizing a flexible multilayered
antibody network. This design incorporates a gold-plated iron mesh characterized by a
pore diameter of 20 pm, which has been functionally modified through a layer-by-layer
(LbL) assembly of streptavidin and biotin-labeled antibodies. This method differs from
traditional sensors that utilize a monolayer of antibodies, as it creates a soft and flexible
layer of detecting molecules on an inflexible mesh substrate. This adaptable structure not
only improves the identification of molecules but also successfully decreases the functional
pore size during filtration. The device demonstrates an enhanced equilibrium between
elevated sensitivity and specificity in the detection of circulating tumor cells (CTCs). Liu
et al. [396] have developed a method for label-free detection of heparin using a Fabry—Perot
interferometer biosensor with surface functionalized fiber. Functionalized graphene oxide
was used for increased and specific interaction with the heparin. Ram et al. [397] used
LbL deposition for the detection of cholesterol with negatively charged proteins (COX)
and cholesterol esterase (CE) on polyethyleneimine (PEI). Ferreira and coworkers [398]
prepared enzyme-mediated amperometric sensors using LbL assembly of glucose oxidase
and MW-CNTs on a polymer substrate. Glucose biosensors have been prepared as well by
Yan et al. [399] by deploying LbL assembly.

Molecular imprinting technology (MIT) is an approach for producing polymer coat-
ings that possess customized binding sites specifically designed to complement template
molecules in terms of shape, size, and functional groups (Figure 9). There are five primary
categories of molecular imprinting: (i) non-covalent, (ii) electrostatic/ionic, (iii) covalent,
(iv) semicovalent, and (v) metal center coordination [400]. They are intricate materials
designed for the specific detection and binding of particular compounds [381]. Due to their
distinctive characteristics of structural predictability, identification specificity, and broad
applicability, MIPs have been utilized across diverse fields [401-405]. Typically, to achieve
elevated sensitivity and selectivity, sensor surfaces are altered with various chemical com-
pounds including molecularly imprinted polymers (MIP) [406,407]. While MIPs are highly
efficient, they exhibit certain limitations, including laborious grinding procedures, sluggish
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mass transfer, and diminished analyte accessibility to their selective cavities, attributable to
the uneven particle shape and heterogeneous distribution of binding sites. Moreover, chal-
lenges include incomplete removal [401] or leakage of the template and contradiction with
water-based environments [408]. An example of their specificity is their combination with
nanozymes, which are designed nanomaterials exhibiting enzyme-like catalytic activity,
and have arisen as economical and stable substitutes for traditional enzymes. Nonetheless,
their extensive substrate range and non-specificity constrain their effectiveness in highly
specific biosensing. To address this issue, molecularly imprinted polymers (MIP) have been
combined with nanozymes, creating hybrid nanozyme@MIP systems that couples catalytic
performance with molecular detection [409].
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Figure 9. Schematic representation of the MIP sensor for glucose detection and different modifi-
cations on the working electrode. (a) After cleaning the surface; (b) electrodeposition of AuNP;
(c) electropolymerization of the MIP sensing layer; (d) removal of the glucose by incubation in water.
Reproduced from [410] with permission.

According to BelBruno [127] one can distinguish MIP-based sensors in chemiresistors,
capacitance sensors, field effect transistors, bioelectrochemical quartz crystal microbalance
(QCM) sensors, electrochemical sensors, or some less common sensors like MIP-coated
surface plasmon resonance crystals. MIP-based sensors can be used for detection of both
gaseous components and/or components dissolved in water. Ibrahim et al. [411] have
recently applied a thin layer of electrochemical molecularly imprinted polymers (e-MIPs)
onto the surface of gold electrodes to enable detection of benzo(a)pyrene (BaP) traces.

5. Coating Characterization Methods
5.1. Electrochemical Methods

Electrochemical assessments represent the state of the art in evaluating polymer coat-
ings for bioelectrodes. Traditional methods are regarded as effective instruments for moni-
toring the deterioration of the electrochemical processes occurring on the surface/coating
of the working electrode. Among many others, key methodologies in coatings assess-
ment encompass open-circuit potential (OCP) and electrochemical impedance spectroscopy
(EIS) [412].

5.1.1. Open-Circuit Potential (OCP)

The initial phase of every electrochemical corrosion experiment involves the deter-
mination of the Open Circuit Potential (OCP), a method that assesses the potential of a
sample without current flow. In corroding samples, this potential typically diminishes and
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stabilizes with time. A steady or constant open circuit potential (OCP) signifies that the sys-
tem being examined (e.g., coated metal) has attained equilibrium, with all electrochemical
reactions occurring at a uniform rate. At this juncture, subsequent electrochemical tests
(elaborated in the ensuing sections) may be conducted [412].

5.1.2. Electrochemical Impedance Spectroscopy (EIS)

EIS is a technology that has considerably advanced during the past decades. The
scope of its applications has expanded, and enhanced instruments and software have been
created to facilitate the investigation of corrosion in metallic substrates and characterization
of coatings. Given that the kinetic equations are linearized in the analysis, it is consistently
feasible to resolve the equations to determine the equivalent circuit, hence enabling the
derivation of numerical values for parameters in most cases. During EIS testing, several
factors such as voltage amplitude, frequency ranges, immersion duration, and the type and
concentration of the solution (salt or acid) can be adjusted.

The electrochemical properties of a polymeric sample are refined, yielding more
accurate results due to the extended signal interval of the apparatus [413,414]. EIS is
a highly effective method for assessing and tracking the deterioration and swelling of
polymeric coatings subjected to electrolytes, as well as for examining electrochemical
cathodic and anodic processes during corrosion events. The primary advantages of EIS
in the analysis of polymeric coatings include its non-destructive nature, the ability to
evaluate film deterioration or regeneration, and, crucially, the provision of quantitative
data regarding the underlying electrochemical processes. However, the outcomes reflect
a surface average, and the modeling and interpretation of EIS results can be intricate. In
Figure 10, typical Bode and Nyquist plots along with corresponding electrical circuits are
presented [415].
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Figure 10. Typical Bode plots for a polymer-coated metal (a) without any electrolyte diffusion,
(b) with electrolyte diffusion but showing no coating delamination, and (c) showing both diffusion
and coating delamination and typical Nyquist plots (with corresponding EECs) showing (d) a
capacitive vertical line, (e) a depressed semicircle, (f) two depressed semicircles, and (g) a depressed
semicircle with a Warburg diffusion tail (reproduced from [415] with permission).
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5.2. Surface Sensitive Methods

Numerous efficient surface analysis techniques are available for the characterization of
polymer coatings. The subsequent subsections will concisely outline some typical methods.

5.2.1. Ellipsometry

Ellipsometry is an optical, non-contact, and non-destructive measurement technique
used to determine the properties of thin films. This includes determining the thickness
of these films and optical constants such as the refractive index n and the extinction
coefficient k, as well as characterizing various properties such as composition, crystallinity,
surface texture, doping concentration, and other material properties related to changes in
optical interaction. Since ellipsometry is an indirect measurement technique, modeling
and parameter adjustment (see below) for the actual layer structure of the sample are
necessary to determine the values for thickness and refractive index [416,417]. Ellipsometry
is an effective and very straightforward method for measuring the thickness (h) of thin
layers. A polarized light beam shines onto the surface of the coating and quantifies the
alteration in polarization of the reflected beam. The precise alteration in polarization is
attributable to certain characteristics of the surface, especially thickness and refractive
index. Ellipsometry is capable of measuring thicknesses of films from a few angstroms to
several micrometers [418].

5.2.2. Drop Contour Analysis

The measurement of contact angle and analysis of drop contour are essential meth-
ods for characterizing the wettability, surface energy, and interfacial interactions of solid
surfaces. Wettability is a fundamental characteristic of polymer coatings influenced by
their chemical composition and material structure. Hydrophilicity or hydrophobicity of a
material can be obtained by examining the morphology of a liquid droplet on a surface and
application of algebraic models based on the Young—Laplace equation. The results allow
insights into adhesion, coating efficacy, and the impacts of surface treatments [419-421].

5.2.3. Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) enables the acquisition of surface features of diverse
substances by scanning the surface with a small tip. The force between the tip and the
surface is then quantified. This method’s value is in its ability to measure practically all sam-
ples, irrespective of their hardness, including very hard surfaces, nanoparticle suspensions,
or extremely soft materials. AFM is a widely utilized instrument for examining polymer
surfaces. The AFM is utilized to determine among others surface roughness, dimensions of
structures on the surface, and pore dimensions in polymer coatings [422-424].

5.2.4. Scanning Electron Microscopy (SEM)

SEM images illustrate the sample’s shape, offer its chemical composition, indicate
homogeneity, and provide insights into pore structure and particle dimensions [425]. Scan-
ning Electron Microscopy (SEM) is employed to investigate the morphology of a membrane
through detailed examination of its surface layers and cross sections. It is a widely utilized
instrument for membrane characterization [426,427].

5.2.5. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a very sensitive surface analytical method
used for the chemical characterization of materials and is utilized to analyze the elemental
compositions of coatings at the surface level. When an X-ray is directed at a sample, it
induces the emission of core-level electrons from the atoms close to the surface. This phe-
nomenon is referred to as the photoelectric effect, which serves as the foundation for X-ray

https://doi.org/10.3390/coatings16020164


https://doi.org/10.3390/coatings16020164

Coatings 2026, 16, 164

46 of 67

photoelectron spectroscopy (XPS) and electron spectroscopy for chemical analysis (ESCA).
Measuring the kinetic energies of released electrons and subtracting these values from the
known energy of the used X-rays leads to the binding energies of the electrons to their
respective atoms. The number of electrons per energy interval, as a function of their kinetic
energy, yields a spectrum, with each element having its own unique spectrum [418,428,429].

5.2.6. Attenuated Total Reflection-FTIR (ATR-FTIR)

ATR-FTIR is an infrared spectroscopic measuring technique utilized for the surface
analysis of non-transparent materials, including paint layers and polymer films, as well as
liquid samples like solvent mixtures [430,431].

Combining ATR-FTIR with in situ conductance measurements provide insights into
structural, electronic, and conductance alterations during the doping and electropoly-
merization of conducting polymers and thus a deeper comprehension of the electrical
properties and the characteristics of charge carriers, e.g., in PNMA films formed in acidic
aqueous solutions [432].

5.3. Mechanical Properties

Polymer coatings must possess sufficient mechanical strength to prevent breaking
or fracture during processing, manufacturing, packaging, shipping, or storage. Tensile
strength, stress analysis, compression testing, puncture strength, and dynamic mechanical
analysis are conducted to assess the mechanical properties of the polymeric material utilized
for coating. Various methods of mechanical characterization exist, and the choice mostly
depends on the material’s condition. The most prevalent types of stress are tension, in
which the material is elongated along a single axis; compression, where the material is
constricted along an axis; and shear, which can occur as either simple shear (two plates
sliding against one another) or rotating shear between parallel plates (Figure 11).

To acquire comprehensive information on material properties, mechanical measure-
ments must be conducted across a spectrum of temperatures, as qualities and phase
transitions can significantly alter mechanical characteristics [433,434].

Tension  Compression Shear (simple)  Shear (rotational)

Figure 11. Typical modes of mechanical deformation and testing including tension, compression
simple shear, and rotational shear. Green arrow shows the direction of the force (F) or torque (T)
applied to deform the material and blue highlights the pertinent dimensional parameter. A refers to
cross sectional area, r refers to radius, HO refers to initial height. Displacements are given as either
AH in tension or compression, Ax in simple shear or 0 in rotational shear (reproduced from [434]
with permission).
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6. Summary and Outlook

The present manuscript provides a comprehensive review of polymer coatings for
bioelectrodes and sensors, covering materials, their synthesis and properties, processing
techniques, and practical applications.

Polymer coatings on bioelectrodes (e.g., biosensors, implantable devices, and wear-
able interfaces) are essential because they can reduce the impedance and improve sig-
nal quality as conducting polymers increase charge transfer and increase the signal to
noise ratio. Further, especially for implantable probes and biosensors, they provide
flexibility as mechanically compliant coatings match soft biological tissues and also im-
prove the biocompatibility by reducing foreign-body responses and inflammation at the
tissue—device interface.

Despite significant advancements, several key challenges persist in the complete re-
alization of polymer coatings for bioelectrodes and biosensors. Along with numerous
benefits, problems persist, encompassing dissolution, biochemical and thermal stability,
and structural constraints of biopolymers. Furthermore, there is a need for standard-
ization of protocols of deposition methods with focus on electrodeposition [435] and
surface functionalization.

Major challenges are the need to further improve biocompatibility and long-term stabil-
ity as even biocompatible polymers can evoke immune responses over chronic implantation
periods, and polymer degradation products may have undesired effects.

In future bioelectrodes polymer coatings are increasingly used in neuromodulation
implants, brain—-computer interfaces, and chronic biosensors—areas where interfacing
reliability and longevity are crucial [436]. Rejection of implantable bioelectrodes is an issue,
and measures must be taken to avoid it.

A trade-off frequently exists between sensitivity and rapid response against long-term
stability, requiring the evaluation of suitable biomarker immobilization techniques for
accomplishing these objectives. Considering that in such devices the polymer itself serves
both as supporting structure and mediator, the structural characteristics of the materials,
such as flexibility and resistance, are pertinent and essential for the fabrication of non-
invasive sensor devices, along with the ease of chemical modification of their surfaces to
immobilize the biomolecules responsible for sensing [437]. The objective is to create highly
sensitive, stable, flexible, and cost-effective biosensors suitable for easy and general use.

Polymers with increased conductivity are not always mechanically stable. Addition-
ally, stability in conductivity is crucial for stable long-term applications. On the other
hand, high conductivity can result in high currents endangering disruption of living
cells. If metallic electrodes or simply metal containing electrodes are used, then corrosion
can be an issue especially in physiological environment. These issues need attention in
future applications.

An essential concern in academic research is the dependence on commercially avail-
able formulations instead of the creation of innovative structures and materials, which
constrains progress in the field. Regarding manufacturing and scalability, lab-scale depo-
sition techniques do not always scale to industrial production, as control of uniformity,
throughput, and quality is non-trivial.

In many cases, the coating can no longer be treated as a purely passive barrier. Re-
sponsive (smart) coatings are now being explored as active interfaces that can adapt to the
local environment and help tackle very practical problems such as biofouling, baseline drift,
and transport limitations. A common approach is to use stimuli-responsive hydrogels or
polymer brushes whose swelling, permeability, or surface chemistry can change reversibly
(for example with temperature or pH), effectively allowing the interface to be tuned during
operation [374]. Related concepts include electroactive coatings that can be switched to
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modulate transport or enable partial self-cleaning cycles. In parallel, self-healing coat-
ings, which are often built on dynamic covalent bonds or supramolecular interactions,
are drawing attention for wearables and long-term implants, where repeated bending,
micromotion, or small defects can gradually lead to cracking, delamination, and unstable
electrical contact. At the same time, there is a clear shift toward greener coating strategies,
including bio-based and biodegradable polymers (such as polysaccharides and PLA-based
systems) and even waste-derived biomaterials [336]. These materials are attractive not
only because they can be biocompatible, but also because they support sustainability and
end-of-life considerations, especially for disposable sensor platforms [352]. Progress here
will also depend on scalable, lower-impact processing routes, such as water-based formula-
tions, mild crosslinking, and electrodeposition-based coating methods. The objective is to
create highly sensitive, stable, flexible, and cost-effective biosensors suitable for easy and
general use.
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pCB acrylamide

pCB methacrylamide
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sulfonated hydroxypropyl chitosan
surface-initiated electrochemically mediated ATRP
screen-printed carbon electrodes

screen printed electrodes

single-walled carbon nanotubes
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