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Abstract: Fast and sensitive determination of biologically active compounds is very important in 
biomedical diagnostics, the food and beverage industry, and environmental analysis. In this review, 
the most promising directions in analytical application of conducting polymers (CPs) are outlined. 
Up to now polyaniline, polypyrrole, polythiophene, and poly(3,4-ethylenedioxythiophene) are the 
most frequently used CPs in the design of sensors and biosensors; therefore, in this review, main 
attention is paid to these conducting polymers. The most popular polymerization methods applied 
for the formation of conducting polymer layers are discussed. The applicability of polypyrrole-
based functional layers in the design of electrochemical biosensors and biofuel cells is highlighted. 
Some signal transduction mechanisms in CP-based sensors and biosensors are discussed. Biocom-
patibility-related aspects of some conducting polymers are overviewed and some insights into the 
application of CP-based coatings for the design of implantable sensors and biofuel cells are ad-
dressed. New trends and perspectives in the development of sensors based on CPs and their com-
posites with other materials are discussed. 

Keywords: conducting polymers (CPs); biosensors; microbial and enzymatic biofuel cells; im-
munosensors; glucose biosensors; polymer-modified electrodes; electrochemical deposition; elec-
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1. Introduction 
Demands for fast biomedical, environmental, and food and beverage analysis are 

evolving very rapidly. Therefore, various new and advanced technologies are required to 
fulfil new trends and requirements of analytical systems. Recently, the determination of 
many biologically active materials in various samples has been performed by sensor- and 
biosensor-based techniques [1], which are finding applications in the solution of challeng-
ing problems of pharmaceutical and biomedical analysis [2,3]. In order to extend the bio-
analytical applicability of sensors, many types of semiconducting materials [4], polymers, 
and polymer-based composites are used. In this respect, conducting polymers are among 
the most promising materials that can be applied in order to extend the analytical charac-
teristics of sensors [5]. Electrochemical activity, electrical conductivity, mechanical elas-
ticity, biocompatibility, and environmental stability of conducting polymers [6] are 
among the most desired properties required for the advancement of sensing performance 
of analytical and bioanalytical systems. In addition, some conducting polymers possess 
very good electrical conductivity [7,8] and unique capabilities to transfer electric charge 
from redox enzymes towards electrodes [9]. 

Among a variety of CPs, polypyrrole (Ppy), polyaniline (PANI), polythiophene 
(PTH), and poly(3,4-ethylenedioxythiophene) (PEDOT) are mostly applied because of 
their high technological potential, which has been exploited not only in sensors [10–13] 
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and biosensors [14], but also in the design of rechargeable batteries [15], corrosion pre-
venting coatings [16], electromagnetic shielding [17], solar cells [18], and super capacitors 
[19–21]. Many studies have demonstrated that conducting polymers might be synthesized 
by electrochemical [14,22], chemical [23], and even biotechnological approaches [5]. After 
the synthesis/deposition, conducting polymer-based layers can be very easily doped and 
de-doped by electrochemical techniques; this doping-procedure enables to tailor the prop-
erties of the conducting polymer-based sensing layer. Moreover, from the technological 
point of view, it is very attractive that different conducting polymer-based composite ma-
terials can be modified by entrapped enzymes [24], receptor-like proteins [14], antibodies 
[25], and DNA [26] in order to advance their sensitivity and selectivity. Therefore, such 
conducting polymer-based composite materials can show unique sensing properties, 
which are determined by entrapped materials and/or dopants. However, the main disad-
vantages of sensing devices based on biological materials are limited stability and rather 
high costs. To solve these problems, CP-based molecularly imprinted polymer-based sen-
sors were developed, which possess selectivity and sensitivity almost the same as that of 
biosensors based on the application of some biological materials [27]. 

Conducting polymers offer a variety of technological solutions required for the de-
velopment of electrochemical biosensors. The aim of this review article is to overview ma-
jor methods of synthesis and bioanalytical application of some conjugated polymers in-
cluding polypyrrole, polytiophene, polyaniline, and PEDOT, among others. The applica-
bility of conducting polymers in the design of biosensors is critically overviewed, dis-
cussed, and evaluated. Some new insights into the application of CPs in the design of 
biofuel cells are critically discussed. 

2. Formation of Conducting Polymer-Based Sensing Structures 
Many different conducting polymer synthesis methods were developed recently, 

most of them based on electrochemical, chemical, and biochemical formation of conduct-
ing polymers (CPs). Some the methods with the best prospects for the formation of CPs 
are overviewed, outlined, and discussed in this chapter. Most of the attention has been 
paid to these methods, which were applied and/or developed by some authors of this 
review. Selection of the most appropriate monomer for the formation of the sensing CP 
layer is a critical issue in the development of any kind of sensor. 

Chemical synthesis based on oxidizing compounds is one of the most popular meth-
ods to form conducting polymer-based sensing structures. This method is simple and is 
based on the application of strong oxidants such as FeCl3 or H2O2 [23]. In some of our 
studies, we have demonstrated that spherical particles of polypyrrole can be formed using 
H2O2, which has oxidation potential sufficient to initiate the polymerization of pyrrole and 
some other monomers, which form conducting polymers. This method is very attractive 
because the excess of H2O2 degrades into H2O and O2; in such a way, very pure CPs par-
ticles can be synthesized. Our studies have demonstrated that such particles possesses a 
good biocompatibility with living stem cells [28,29] and with the immune system of mice 
[30]. Very low irritation of the immune system was confirmed by the injection of Ppy-
based nano- and micro-particles into mice peritoneum [30]. The advantage of such oxida-
tive-chemical synthesis is that, using this method, large quantities of nanoparticles and/or 
CP-based composite materials, which are suspended in a solution and/or deposited on 
selected surface, can be formed. During the next development steps, the formed nanopar-
ticles can be modified by different methods. However, such a method of CP development 
is not always suitable for the formation of polymer-based films, which are required for 
sensor design. In our research, we have shown that Ppy can be synthesized by redox cy-
cling of [Fe(CN)6]4−/[Fe(CN)6]3−, which is suitable for the formation of polypyrrole [31]. 

Enzymatic synthesis of conducing polymers. Enzymatic methods for the formation 
of CPs are based on the application of oxidoreductases and/or redox compounds formed 
by these enzymes [32]. These ‘green’ synthesis-based reactions are performed in environ-
mentally friendly conditions, room temperature, and pHs [33]. Redox enzymes can act as 
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oxidizers or, during the enzymatic reaction, can create some strong oxidants (e.g., H2O2), 
which are required for the synthesis of CPs [34,35] (Figure 1). Enzymatic synthesis of CPs 
can be performed using redox enzymes (e.g., glucose oxidase and many other oxidases), 
which, during catalytic action, generate hydrogen peroxide [5]. Hence, glucose oxidase 
(GOx) from Penicillium vitale can be used for the formation of various conducting poly-
mers, including the following: polypyrrole [5,14,36], polyaniline [37], polytiophene [38], 
polyphenanthroline [9], poly-9,10-phenanthrenequinone [39], and some other conducting 
polymer-based layers and nanoparticles. This is a very useful method, which is based on 
the oxidation of polymerizable monomers by H2O2 formed during catalytic action of GOx. 
Both (i) immobilized and (ii) dissolved in water GOx have been successfully applied in 
the enzymatic synthesis of conducting polymer-based layers and/or particles with en-
trapped enzymes, which produce hydrogen peroxide. The enzymatic synthesis of CPs is 
interesting because of good compatibility of formed structures with enzymes [40,41]. It is 
very useful that entrapped GOx retains catalytic activity while being encapsulated within 
such particles and/or layers, which is well applicable for the design of amperometric bio-
sensors and biofuel cells. 

 
Figure 1. Enzymatic formation of polypyrrole around enzyme glucose oxidase, which, during cat-
alytic action, generates H2O2 that acts as an initiator of pyrrole polymerization reaction. 

Microbiological synthesis of polypyrrole. The application of microorganisms in the 
synthesis of conducting polymers offers even more advantages in comparison with the 
application of isolated enzymes, because microorganisms can retain their activity during 
the long-lasting life cycle of single microorganism and/or culture based on high number 
of micoorganisms [42]. Hence, microorganisms have been used for the synthesis of some 
polymers [43]. Recently, our research team applied whole microorganisms for the synthe-
sis of conducting polymer polypyrrole. In the initial research, which has reported bacteria-
assisted synthesis of polypyrrole, we used bacterial cells Streptomyces spp., which produce 
some phenol-oxidases; therefore, these enzymes are able to perform polymerization of 
pyrrole by forming Ppy-based hollow Ppy microspheres [44]. In another research, we ap-
plied living cell induced redox cycling of [Fe(CN)6]4−/[Fe(CN)6]3−, which enabled the for-
mation of polypyrrole within the yeast cell wall [45]. We demonstrated that these kinds 
of Ppy formation redox processes, which are involved in metabolism occurring in living 
cells, can be adapted even without any redox mediators [46]. Our studies based on the 
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nonradioactive isotope method illustrated that Ppy formed during microbial polymeriza-
tion is deposited mainly within the cell wall and in the space between the cell wall and 
cell membrane [47]. 

It is interesting that, during the microbial synthesis of conducting polymers, cells re-
tain sufficient viability, and the formed Ppy is integrated within the cell wall and in the 
periplasmic area of the microorganism. The formation of Ppy is induced by the action of 
redox enzymes, which are present in living cells; therefore, CP-based clusters are growing 
in close proximity to the cell membrane and within the cell wall; furthermore, the formed 
Ppy changes the elasticity and dielectric permittivity of the cell wall [47]. For Ppy-modi-
fied yeast cells, it was determined that some Ppy structures are formed within the cell 
membrane, but the highest concentration of Ppy is formed within the periplasm and/or 
within the cell wall of living cells [47]. During this process, sufficient conductivity of some 
conducting polymers was achieved, which enables the enhancement of charge transfer 
from some microorganisms such as Rhizoctania sp. and Aspergillus niger [46,48,49], and is 
useful for the development of biofuel cells [46]. Some other authors also proved this ap-
proach and applied it for the modification of several different bacteria, namely, for Strep-
tococcus thermophilus, Ochrobacterium anthropic, Shewanella oneidensis, and Escherichia coli 
[50], which exhibited both sufficient viability and advanced cell wall conductivity. Owing 
to advanced cell wall conductivity, such microorganisms became suitable for the design 
of new microbial sensors [51,52] and microbial fuel cells (MBFCs) [46]. 

The same polymerization principle was applied for the modification of mammalian 
cell lines [53] using redox cycling of [Fe(CN)6]4−/[Fe(CN)6]3−, which is suitable for the for-
mation of polypyrrole in solution and [31] within living cells [45]. Therefore, it is expected 
that such CP-modified mammalian cell lines will find some particular applications in bio-
fuel cells and in some other bioelectronics-based devices. 

Electrochemical deposition. Unfortunately, most CPs have rather bad solubility in 
the most of the known solvents; therefore, low solubility reduces the processability of 
formed CPs. For this reason, electrochemical deposition seems very useful for the deposi-
tion of conducting polymer-based layers directly on electrodes and on some other con-
ducting surfaces. The variation of electrochemical parameters including potential, current, 
potential sweep rate, and duration enables one to tune the analytical characteristics of the 
formed polymeric layers [14,54]. In addition, electrical conductivity and some electro-
chemical properties of conducting polymers can be tailored and controlled by the varia-
tion of polymerizable monomer concentrations, pH of polymerization bulk solution, and 
applying different dopant concentrations [55–57]. Hence, the morphology and thickness 
of the formed layer can be controlled by the adjustment of the potential-profile [14] and 
pH of polymerization bulk solution [58]. Morphology control enables one to improve and 
even to tune the performance of the electrochemically formed CP-based layer [59]. 

Therefore, electrochemical formation of conducting polymer-based layers is very at-
tractive because CP-based composite layers with different sensitivity and selectivity can 
be formed. Electrochemical formation of CP layers enables one to form the layers with 
significant structural differences, which generate different electrochemical responses to-
wards different analytes; therefore, such structures can be applied in the design of elec-
trochemical arrays, which can be characterized by different response patterns, which can 
be analyzed using multivariate analysis of variance (MANOVA) [60]. The application of 
CP fluorescent-based sensors enables one to exploit both (i) the photoluminescence of 
formed structures [61] and (ii) photoluminescence quenching by conducting polymers 
based on the Forster resonance energy transfer (FRET) mechanism, which, at low dis-
tances, induces the quenching of photoluminescence emissions, in order to decrease the 
influence of nonspecific interaction of other proteins with the immunosensor based on 
immobilized proteins [62,63]. Some conformational and morphological changes are ex-
ploited to manipulate the duration of the exciton life period, which is also reflected in 
photoluminescence signal [64]. The quenching efficiency of CPs, like many other photo-
luminescence quenchers, is distance-dependent; therefore, CPs are well suited for the 
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quenching of photoluminescence of non-specifically adsorbed proteins and other photo-
luminescent structures, which non-specifically adsorb directly on the signal transducer, 
while on the immobilized receptor, bonded analytes appear out of this rather short dis-
tance, which is required for the quenching of photoluminescence [62,63]. 

Some CPs were applied in simple optical/visual [65,66] and photoluminescence-
based [67] sensing, e.g., a conjugated microporous polymer was applied as a sensing plat-
form for the determination of aminoglycoside antibiotic in water [68]. CPs based on car-
bazole-based structures (namely, N-benzyldibromo-carbazole, N-benzyldimethoxy-car-
bazole, and N-benzylcarbazole) were applied in the design of fluorescence-based sensors 
and were applied for the determination of some pesticide (glyphosate, trifluralin, 
cyfluothrin, fenitrothion, imidacloprid, and isopropalin) concentrations [69]. 

Diffusion of analyte (in the case of biosensors) and organic fuel (in the case of biofuel 
cells) by other compounds through the CP-based matrix is also a very important issue for 
the efficient performance of these structures, as it is responsible for the limits in electrical 
current generation. In some cases, a three-dimensional CP-based network can be made 
very porous, which enables to increase the permeability and even electrical capacitance of 
CP-based films [70]. Most CPs are deposited under kinetic control and, therefore, are 
amorphous and the formed layers do not have a long-range molecular order. The possi-
bility to tune the micro-porosity and, in a such way, to change the effective surface area 
using organic molecules as ‘connectors’ between different molecules, enabled the achieve-
ment of an ordered and porous conjugated structure of CP [71]. 

3. Chemical and Physical Properties of Conducting Polymers 
CPs contain delocalized π-electrons within the backbone of the polymeric chain; 

therefore, these polymers possess advanced electrical conductivity and some other unique 
properties, such as low ionization potential [58,72,73]. Therefore, conducting polymers 
(CPs) have found efficient applications in sensors, rechargeable batteries, electrochromic 
displays, transistors, photovoltaic devices, some light emitting diodes and smart windows 
[74–76]. The most important issue in the design of electronic devices is the selection of CPs 
with suitable properties [77,78]. In some studies, it was demonstrated that a conducting 
polymer, polypyrrole, exhibits unique electrical, electrochemical [5], affinity [79], and/or 
optical [80] properties. Therefore, changes in one or more of these physicochemical prop-
erties of the CP-based biological recognition layer (e.g., impedance, variation of electrical 
capacitance, changes of optical or photoluminescence properties) can be determined/mon-
itored by a particular signal transducing system. Among the high number of CPs, 
polypyrrole has been used mostly in the design of enzymatic biosensors as a matrix for 
enzyme immobilization [5]. Some CPs form hydrogels [81], which consist of two phases, 
(i) a liquid phase and (ii) a ‘solid’ CP-based phase. Therefore, they are well suited for the 
entrapment of biomolecules, which retains their functionality practically only in a water-
based environment. In addition, the porous structure of gels enables good diffusion of 
analyte molecules and ions through a gel-based structure [82,83]. Conducting polymer-
based nanocomposites (EDTA-PANI/SWCNTs nanocomposite) show selectivity towards 
some heavy metal ions, thus they are well suited for the design of sensors dedicated to the 
determination of copper (II) [84,85], lead (II) [85], mercury (II) [85], and many other metal 
ions [86]. 

It was demonstrated that some CP-based structures can exhibit real multi-function-
ality, because they can be applied not only for sensing purposes, but also for the removal 
of some hazardous compounds from environmental samples [87]. 

4. Conducting Polymers for the Design of Enzymatic and Other Catalytic Biosensors 
CPs have recently been applied in many types of catalytic sensors and biosensors that 

can be used for various bioanalytical purposes. Redox enzyme–glucose oxidase (GOx) is 
the most frequently applied in the design of biological recognition elements of glucose 
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biosensors. As reported above, GOx can act as a biocatalyst in the formation of many con-
ducting polymers including polypyrrole, polyaniline, and polytiophene. 

Amperometric biosensors based on CPs. The Ppy layer has relatively low permeabil-
ity towards both enzyme-substrates and formed reaction products; therefore, the appar-
ent Michaelis constant (KMapp) of enzymes immobilized within conducting polymers sig-
nificantly increases for all substrates. This feature extends the ‘linear range’ of sensors, 
where enzymes are immobilized within the CP-based matrix [24]. Therefore, such an ef-
fect can be well exploited in the design of biosensors based on such enzymes, which are 
characterized by low KMapp and, for this reason, when immobilized without the formation 
of the ‘diffusion layer’, such biosensors are not well suited for the investigation of aliquots 
containing high concentrations of substrates; for example, the concentration of glucose in 
human blood serum is significantly higher than the KMapp of the most frequently used glu-
cose oxidases [88]. Hence, the entrapment within CPs enables to tune the analytical char-
acteristics of biosensors including detection limits and linear ranges [5,37,38]. The appli-
cation of GOx modified by polypyrrole in the design of an enzymatic sensor mediated by 
a redox mediator (MOx./MRed.) system, where phenazine methosulfate, benzoquinone, 2,6-
dichlorophenol indophenol, and many others redox compounds can act as redox media-
tors, is presented in Figure 2. 

 
Figure 2. The application of polypyrrole modified glucose oxidase in the design of enzymatic sen-
sor mediated by a redox mediator (MOx./MRed.) system. Phenazine methosulfate, benzoquinone, 2,6-
dichlorophenol indophenol, and many others redox compounds can act as redox mediators. 

Some conducting polymers can be involved in the charge transfer between the elec-
trode and redox active center of the enzyme [9] and, for this reason, they are very prom-
ising in the design of amperometric biosensors [24] biofuel cells and some other bioelec-
tronic devices [5]. It should be noted, however, that most enzymes have redox-sites that 
are deeply embedded within the protein ‘shell’. For this reason, electron transfer from 
these redox sites is hardly possible even if they are immobilized within the CP-based ma-
trix. In some of our studies, we have demonstrated that this problem can be solved by the 
grafting of some CPs (e.g., poly-phenontraline) to the surface of glassy carbon electrode 
[9]. GOx is the most frequently used enzyme in the design of glucose biosensors, which 
are used for biomedical purposes and as model systems during the development of enzy-
matic sensors. During the modelling of glucose sensors, GOx was immobilized within 
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many different conducting polymers [24]. Charge transfer between the immobilized en-
zyme and the electrode is a critical problem in redox enzyme-based sensors; in most cases, 
this problem is solved by the application of soluble redox mediators, but in some cases, 
charge transfer can be established via an electrochemically formed/deposited CP network 
[9]. In such sensors, CPs play a dual role as the immobilization matrix and as the charge 
transfer chain [89,90]. In some cases, it is reasonable to apply copolymers, which contain 
some functional groups (e.g., carboxyl group) suitable for covalent immobilization of the 
enzyme on the surface of the formed CP-based copolymer layer, as shown by the devel-
opment of the amperometric glucose biosensor based on poly(pyrrole-2-carboxylic 
acid)/glucose oxidase biocomposite [91]. During the development of amperometric enzy-
matic biosensors dedicated for continuous measurements, one of the major challenges is 
related to the instability of the analytical signal. Immobilized enzymes are inactive; the 
CP-based layer swells during continuous measurements; and, therefore, the analytical sig-
nal changes in time [92]. However, this important problem can be easily solved by peri-
odical recalibration of such amperometric biosensors, which is applied after a certain 
number of measurements. However, the long life stability of enzymatic biosensors is still 
a challenge, which needs additional investigations. 

Affinity biosensors based on conducting polymers. In affinity sensors, CPs can be 
applied as immobilization matrixes [14], signal transduction systems [9,14], and even an-
alyte recognizing structures based on molecular imprints formed within deposited layers 
of CPs [79,93–95]. Electrochemically formed layers of CPs with entrapped specific recog-
nition properties with proteins (e.g., receptors, antibodies (Figure 3), or antigens (Figure 
4)) have been applied in the design of various types of immunosensors [14]. In some im-
munosenors, the CP-based structure enhances the electrochemical signal, which is gener-
ated by potentiodynamic methods [14]. In some of our studies, we demonstrated that 
polypyrrole-based matrix reduces the influence of some interfering materials when a pho-
toluminescence-based analytical signal is registered [62]. The selection of proper immobi-
lization methods is very important for the development of any kind of biosensor, because 
the application of suitable immobilization methods ensures appropriate performance of 
the designed bioanalytical system. However, this feature is especially important during 
the design of affinity sensors, because only proper orientation of receptors [96] and/or 
antibodies [97] enables efficient interaction with the analyte. 

 
Figure 3. Action of immunosensor based on antibodies immobilized within conducting polymer, 
polypyrrole, and the formation of the immune complex between immobilized antibodies and ana-
lyte-protein (e.g., virus proteins) present in the dissolved aliquot. 
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Figure 4. Action of immunosensor based on antigens (e.g., virus nucleocapside proteins) immobi-
lized within conducting polymer, polypyrrole, and the formation of the immune complex between 
immobilized protein (e.g., virus proteins) and antibodies against these proteins, which are present 
in the dissolved aliquot. 

5. Molecularly Imprinted Polymers (MIPs) Based Sensors 
Conventional bioanalytical techniques based on enzyme linked immuno sorbent as-

say (ELISA) are suitable for the accurate detection of target molecules, but biological ma-
terials applied in the design of ELISA kits are expensive and the analysis procedure itself 
is tedious and long-lasting. Therefore, a very promising alternative is the application of 
some affinity sensors. Among different affinity sensors (antibody-based immunosensors, 
natural- or artificial receptor-based sensors, DNA-aptamer-based sensors, MIP-based sen-
sors, and so on), MIP-based sensors are very promising, because they are mainly based on 
the polymeric-matrix [98–100] and do not require biological recognition materials, which 
are usually very expensive. MIPs are polymers that have artificially created specific mo-
lecular recognition sites, which are complementary to the imprinted target molecule. 
Hence, MIPs mimic the action of receptors and antibodies. Polymers such as methacrylic 
acid, acrylamide, and acrylic acid are often used to design MIP-based sensors; such sen-
sors are mostly suitable for the determination of low molecular weight analytes [101–104]. 
MIP based on methacrylic acid was applied in the design of sensors for the determination 
of six different steroids, namely, testosterone, Δ4-androstene-3,17-dione, 1,4-androstadi-
ene-3,17-dione, β-estradiol, progesterone, and testosterone propionate [103], and a bifunc-
tional monomer, N-phenylethylene diamine methacrylamide, was used for the construc-
tion of the electrochemical sensor for the detection of β-estradiol [104]. Some other re-
searchers have adapted Fe3O4-based magnetic nanoparticles in order to design nanostruc-
tured magnetic molecularly imprinted polymers for 17-β-estradiol determination [105]. 

Electrochemical polymerization and chemical polymerization, which can be followed 
by overoxidation, can be applied for the design of MIPs based on CPs. Oxidative polymer-
ization is very simple and cheap; therefore, very large quantities of MIPs can be produced 
by this method [106,107]. Electrochemical polymerization has some advantages over oxi-
dative polymerization; because this method allows the formation of an MIP layer over the 
electrode or other conducting surface, it can be performed in different solvents de-
pendending on the requirements for polymerizable monomer and/or imprinted analyte. 
Moreover, electrochemical polymerization enables to change the morphology, homoge-
neity, conductivity, thickness, and overoxidation level of the formed polymer layer with 
molecular imprints. There are many different MIP formation techniques, but all of them 
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include several common stages. Most monomers with attached functional groups that are 
required for the recognition of target molecule are co-polymerized with cross-linking 
monomers, which do not have any recognition properties in the presence of the target 
molecule and, during the next stage, the target molecule is extracted from the formed MIP 
[108]. However, some authors have reported some problems during the extraction of im-
printed target molecules [109]. Therefore, in the case of molecularly imprinted polypyr-
role formation, the overoxidation can be applied as a solution to this problem. The devel-
opment of MIPs based on overoxidized polypyrrole seems to be one of the most promising 
directions among the application of all CPs, because this polymer can be formed by a very 
simple electrochemical procedure using a single polymerizable monomer, pyrrole [110]. 
CPs can be well imprinted by low molecular weight molecules, such as uric acid [93], 
caffeine [10], theophylline [27,111], ganciclovir [112], tetracycline [110], dopamine [113], 
adrenaline [114], L-aspartic acid [115], testosterone [116], serotonin [117], and histamine 
[118]. It should be noted that Ppy can be imprinted even by large molecular weight bio-
molecules, such as DNA [29,79,119] by proteins [120–124] (Figure 5), by rather large spores 
(e.g., bacillus cereus spores) [125], or even by whole bacteria such as Escherichia coli [126]. 

However, PANI, because of its more rigid structure, is still rarely imprinted by some 
analytes, e.g., a sensor based on molecularly imprinted PANI for the determination rather 
low concentrations (below 0.1 nM) of antibiotic azithromycin [127] and of bacillus cereus 
spores [125] has been reported. 

 
Figure 5. Preparation and action of the molecularly imprinted polymer (MIP)-based sensor based on imprinted virus proteins; 1—
extraction of imprinted proteins and 2—action of MIP-based sensor in the solution containing similar proteins that were imprinted. 

The application of the most appropriate monomer for the formation of the sensing 
CP layer is the most critical issue in the development of MIP-based sensors [128], because 
the formed polymer should be capable of creating electrostatic interaction, hydrophobic 
interaction, van der Waals forces, and/or hydrogen bonds between the MIP and analyte 
molecule [129]. The above-mentioned non-covalent bonds and interactions allow easy 
binding/dissociation of the imprinted target molecules from the MIP-matrix [103,130,131]. 
In some MIP formation strategies, functional groups can be attached to polymeric back-
bone in order to form a complex between the MIP and analyte [104]. Initially imprinted 
analyte molecules are removed by washing them out from the formed MIP-matrix [102]. 
In comparison with antibodies or receptors, MIPs have significantly better stability at 
room temperatures. According to monomers applied in the design of MIPs, there are three 
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general types of such structures: (i) the most simple MIPs are based on one type of mon-
omer, which form CPs [102]; (ii) other types of sensors are based on copolymers, which 
contain one type of monomer creating a polymer matrix and one or more types of mono-
mers forming a complex with analyte [106]; and (iii) sensors based on ‘overoxidizable’ 
CPs, which possess functional groups created by electrochemical or chemical overoxida-
tion of polymer, after the entrapment of analyte [110,118]. 

6. Electrochromic Conducting Polymers for Sensor Design 
Electrochromism is described as a reversible variation of optical properties of a struc-

ture when it is reduced or oxidized by applied electrical current. Materials are considered 
as electrochromic if they show variations in their visible color. It should be noted that, in 
some cases, there are more than two oxidation states, and the materials that might exhibit 
several colors at different oxidation states are called multielectrochromic materials. They 
can be integrated into optical/electrochemical devices that modulate their optical trans-
mittance, reflectance, absorbance, or light emission. An ideal electrochromic material is 
expected to have high optic contrast between its extreme states, a short response time, and 
high stability. In the 21st century, conjugated polymers together with metal oxides and 
viologens were determined as materials, which are very promising for sensing applica-
tions thanks to the easy tailoring of their properties by structural modifications, facile 
preparation, good processability, and low costs [1]. Exposure of electrochromic polymers 
to certain gases, vapors, and other analytes results in a change in the electronic structure 
of the polymer, as observed in their optical spectra, and this is also accompanied by a 
change of conductivity. In polyaniline (PANI) and polypyrrole (Ppy), as well as in 
poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS), the electrical 
conductivity is achieved by creating charge carriers through p-type (hole-based) or n-type 
(electron donor-based) doping of the conjugated polymer backbone. These conducting 
polymers (CPs) can be doped during various redox processes, i.e., chemical or electro-
chemical partial oxidation or reduction. The doping/de-doping processes mentioned 
above results in reversible or irreversible changes of electrical and optical properties of 
these conducting polymers and their composites. CPs such as PANI and Ppy and their 
composites, as well as PEDOT/PSS, are attractive for the design of electrochromic sensors. 
Very successful applications of these CPs as elements in electrochromic sensors have been 
demonstrated. 

The electrochromic properties of some conducting polymers offer multi-mode-based 
options for the registration of analytical signal, because such sensors could be based on 
the combination of various electrochemical and optical techniques. This direction of ana-
lytical chemistry emerged very recently, and it has high potential to be applied in various 
fields of analytical and bioanalytical chemistry. Some aspects of electrochromic polyani-
line deposition and the application of conducting polymers for optical sensing systems of 
Cu(II) ions [132], as well as for some gaseous materials (e.g., CO2 and NH3), which are able 
to change the pH of solution where electrochromic sensor electrode was applied [133–
135], were reported. Optical sensors based on polyaniline exhibit sensitivity and the abil-
ity to operate at ambient conditions. 

Recently, various optically active materials have been applied as signal transducers 
in the design of various analytical and bio-analytical systems [136,137]. Conducting poly-
mers [24,62,138] have recently been among the most interesting optical materials, and can 
offer electrochemical [9], optical [132], and some other properties, which makes them well 
suited for sensor and biosensor design. A variety of conducting polymer synthesis tech-
niques have been developed. Some very simple synthesis protocols have been reported 
by our research group, e.g., basic chemical and easily degradable agents such as hydrogen 
peroxide can be applied for the synthesis of conducting polymer (polypyrrole) [139], pol-
yaniline [37,140], polythiophene [38], polyphenanthroline [9], nanobiocomposite based on 
poly(1,10-phenanthroline-5,6-dione), poly(pyrrole-2-carboxylic acid) [141], poly-9,10-phe-
nanthrenequinone [39], carbazole [142], azobenzene [143], and some other conducting 
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polymers. Some conducting polymers possess low cost, good environmental stability, and 
tunable properties [5], and they can form a number of various composites with organic 
[144], inorganic [145], and biological materials [145], which broadens the range of applica-
bility for such composite materials based on the conducting polymers. Some of above 
mentioned optically active conducting polymers (e.g., polypyrrole, polyaniline) well serve 
as immobilization matrixes for biological recognition elements [146,147]; therefore, they 
have been used as transducers of sensors [148]. It is well known that proper doping of 
conducting polymer usually results in the increase of electric conductivity by several or-
ders of magnitude [149]. 

In addition to this, optical properties including electrochromic properties of conduct-
ing polymers also significantly depend on different factors including proper doping of the 
CP-based layer [150]; therefore, this opens up the prospects for the application of optical 
sensing platforms for the detection and quantification of some analytes. 

7. Biocompatibility-Related Aspects of Some Conducting Polymers 
Biocompatibility-related aspects of conducting polymers are very important, because 

some biosensors and biofuel cells have recently been implanted in the body [151,152] or 
attached to the skin [153] of the patient. Therefore, the biocompatibility of these devices is 
a very important issue; otherwise, non-biocompatible structures can cause inflammation 
and/or other serious disorders [154,155]. Our investigations showed rather good biocom-
patibility of the conducting polymer, polypyrrole, towards different ‘biological systems’. 
Ppy particles induced merely a non-significant irritation to the mammalian immune sys-
tem [30] and Ppy nanoparticles minimally affected the viability of steam cells [28,29]. Par-
ticularly in previous research, it was reported that Ppy does not show any significant tox-
icity towards mice peritoneum cells, and no changes in immune-related hematological 
parameters were observed [30]. However, some toxicity of Ppy nanoparticles towards 
bone marrow-derived stem cells was determined [28]. However, the toxicity observed to-
wards stem cells was dose-dependent and, at lower concentrations, Ppy did not show any 
toxicity towards primary mouse embryonic fibroblasts (MEFs), mouse hepatoma cell line 
(MH-22A), and human T lymphocyte Jurkat cells [29]. Hence, our investigations showed 
that some conducting polymers possess rather good biocompatibility with mammalian 
stem cells [28,29] and do not irritate mices’ immune system when they are inserted into 
mice peritoneum [30]. In addition, some other researchers determined that electrical stim-
ulation promotes nerve cell differentiation on the polypyrrole/poly(2-methoxy-5 aniline 
sulfonic acid) composite [156]. The biocompatibility of conducting polymer polyaniline 
was also investigated and confirmed [157]. However, the number of similar investigations 
is still very limited. Advanced biocompatibility of CP-based hydrogels is expected owing 
to the presence of a large amount of water and some other biocompatible materials (e.g., 
chitosan [158]) that are usually applied in the formation of the gel; such hydrogels can be 
applied in various technological fields because of these well applicable mechanical prop-
erties [82,159,160]. Some CP-based gels were applied as 3D scaffolds for the accommoda-
tion of living cells [161,162] or even as ‘cell delivery carriers’, which are required for trans-
plantation [163] and for some other biomedical applications [164–167]. Promising biocom-
patibility aspects of some conducting polymers (e.g., Ppy) encourage one to apply these 
polymers in the design of biofuel cells [46], which can serve as power sources of some 
implantable biomedical devices. 

However, most researchers are reporting the biocompatibility of CPs based on the 
possibility to retain the catalytic activity of entrapped enzymes; however, they are not 
addressing any investigations with living organisms or even with some cell lines. There-
fore, experiments on living organisms or at least with some cell lines are still pending and 
should be performed in order to determine the biocompatibility of most conducting pol-
ymers. 
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8. Conclusions 
Conducting polymers (CPs) and their composites with various materials have at-

tracted the attention of many researchers; therefore, CPs are applied in the design of sen-
sors and biosensors because of numerous technological advantages they offer. One such 
advantage is based on various possibilities for the immobilization of biological recogni-
tion elements, which are based on enzymes, single stranded DNA (ssDNA), antibodies 
(Ab), receptors, and/or some other biological recognition exhibiting proteins. Some of 
these sensors based on conducting polymers offer very high sensitivity, a short response 
time, and operate at room temperature. Moreover, some conducting polymers can be ap-
plied in the design of molecularly imprinted polymers, which are cheap and, in some 
cases, they can replace natural recognition elements. The electrochromic properties of con-
ducting polymers can also be well exploited in the design of signal transduction systems 
of some sensors and biosensors. A variety of synthesis methods applied in the synthesis 
of conducting polymers offer unique possibilities to tune the physical and chemical prop-
erties of formed structures. These properties can also be well changed/tuned using differ-
ent materials, which can be embedded within the structure of formed CPs. Among various 
synthesis methods, electrochemical deposition of conducting polymer-based layers seems 
very promising, because electrochemical formation of CPs can be controlled by the adjust-
ment of the most optimal potential/current profile. Some characteristics of conducting pol-
ymer-based sensors (namely sensitivity and linear range) are determined by the thickness, 
density, and permeability of the CP-based layer. Conducting polymer, polypyrrole (Ppy), 
is the most frequently used in the design of sensors and biosensors. Enzymatic and micro-
bial synthesis of CPs demonstrated that, in such a way, the formed Ppy-based bio-compo-
site materials are well suited for the development of biosensors and biofuel cells. The ap-
plicability of enzymatic methods for the synthesis of other conducting polymers such as 
polyaniline, polythiophene, and some other conducting or π-π conjugated polymers was 
confirmed by the studies overviewed here. One of the major challenges in the develop-
ment of CP-based amperometric biosensors used in continuous measurements is related 
to the stability of the analytical signal. The CP-based layer swells during continuous meas-
urements and, therefore, the analytical signal changes in time. However, this problem can 
be easily solved by periodical recalibration of such amperometric biosensors after a certain 
number of measurements. However, the long-term stability of enzymatic biosensors is 
still a challenge, which needs additional investigation. Promising biocompatibility aspects 
of some conducting polymers encourage one to apply these polymers in the design of 
implantable biofuel cells, which can serve as power sources of some implantable biomed-
ical devices. 

Author Contributions: S.R. performed literature research, analysis, and drafted the paper. A.R. 
initiated and supervised the work and provided insights. All authors have read and agreed to the 
published version of the manuscript. 

Funding: This research was funded by a grant (No. S-MIP-20-18) from the Lithuanian Research 
Council. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data available in a publicly accessible repository. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Ramanavicius, S.; Ramanavicius, A. Progress and Insights in the Application of MXenes as New 2D Nano-Materials Suitable 

for Biosensors and Biofuel Cell Design. Int. J. Mol. Sci. 2020, 21, 9224. 
2. Bakirhan, N.K.; Ozcelikay, G.; Ozkan, S.A. Recent progress on the sensitive detection of cardiovascular disease markers by 

electrochemical-based biosensors. J. Pharm. Biomed. Anal. 2018, 159, 406–424. 
3. Sankiewicz, A.; Romanowicz, L.; Pyc, M.; Hermanowicz, A.; Gorodkiewicz, E. SPR imaging biosensor for the quantitation of 

fibronectin concentration in blood samples. J. Pharm. Biomed. Anal. 2018, 150, 1–8. 



Polymers 2021, 13, 49 13 of 19 
 

 

4. Ramanavicius, S.; Ramanavicius, A. Insights in the Application of Stoichiometric and Non-Stoichiometric Titanium Oxides for 
the Design of Sensors for the Determination of Gases and VOCs (TiO2−x and TinO2n−1 vs. TiO2). Sensors 2020, 20, 6833. 

5. Ramanavicius, A.; Kausaite, A.; Ramanaviciene, A. Self-encapsulation of oxidases as a basic approach to tune upper detection 
limit of amperometric bosensors. Analyst 2008, 133, 1083–1089. 

6. Ratautaite, V.; Ramanaviciene, A.; Oztekin, Y.; Voronovic, J.; Balevicius, Z.; Mikoliunaite, L.; Ramanavicius, A. Electrochemical 
Stability and Repulsion of Polypyrrole Film. Colloids Surf. A Physicochem. Eng. Asp. 2013, 418, 16–21. 

7. Wang, Y.; Yu, H.; Li, Y.; Wang, T.; Xu, T.; Chen, J.; Fan, Z.; Wang, Y.; Wang, B. Facile Preparation of Highly Conductive Poly(am-
ide-imide) Composite Films beyond 1000 S m−1 through Ternary Blend Strategy. Polymers 2019, 11, 546. 

8. Fang, Y.; Yu, H.; Wang, Y.; Zhang, Z.; Zhuang, C.; Fang, G.; Luo, Z.; Zhang, B.; Wang, B. Simultaneous improvement of me-
chanical and conductive properties of poly(amide-imide) composites using carbon nano-materials with different morphologies. 
J. Polym. Eng. 2020, 40, 806–814. 

9. Oztekin, Y.; Ramanaviciene, A.; Yazicigil, Z.; Solak, A.O.; Ramanavicius, A. Direct electron transfer from glucose oxidase im-
mobilized on polyphenanthroline modified-glassy carbon electrode. Biosens. Bioelectron. 2011, 26, 2541–2546. 

10. Ratautaite, V.; Plausinaitis, D.; Baleviciute, I.; Mikoliunaite, L.; Ramanaviciene, A.; Ramanavicius, A. Characterization of Caf-
feine-Imprinted Polypyrrole by a Quartz Crystal Microbalance and Electrochemical Impedance Spectroscopy. Sens. Actuators B 
Chem. 2015, 212, 63–71. 

11. Holguín, M.; Álvarez, O.E.R.; Arizabaleta, C.A.; Torres, W. Molecular dynamics of the interaction of l-tryptophan with polypyr-
role oligomers. Comput. Theor. Chem. 2019, 1147, 29–34. 

12. Kumar, V.; Mirzaei, A.; Bonyani, M.; Kim, K.-H.; Kim, H.W.; Kim, S.S. Advances in electrospun nanofiber fabrication for (PANI)-
based chemoresistive sensors for gaseous ammonia. TrAC Trends Anal. Chem. 2020, 129, 115938, doi:10.1016/j.trac.2020.115938. 

13. Tekbaşoğlu, T.Y.; Soganci, T.; Ak, M.; Koca, A.; Sener, M.K. Enhancing biosensor properties of conducting polymers via copol-
ymerization: Synthesis of EDOT-substituted bis(2-pyridylimino)isoindolato-palladium complex and electrochemical sensing of 
glucose by its copolymerized film. Biosens. Bioelectron. 2017, 87, 81–88. 

14. Ramanavicius, A.; Oztekin, Y.; Ramanaviciene, A. Electrochemical Formation of Polypyrrole-based Layer for Immunosensor 
Design. Sens. Actuators B 2014, 197, 237–243. 

15. Zhao, Z.; Yu, T.; Miao, Y.; Zhao, X. Chloride ion-doped polyaniline/carbon nanotube nanocomposite materials as new cathodes 
for chloride ion battery. Electrochim. Acta 2018, 270, 30–36. 

16. Iroh, J.O.; Su, W. Corrosion performance of polypyrrole coating applied to low carbon steel by an electrochemical process. 
Electrochim. Acta 2000, 46, 15–24. 

17. Pontes, K.; Indrusiak, T.; Soares, B.G. Poly(vinylidene fluoride-co-hexafluorpropylene)/polyaniline conductive blends: Effect of 
the mixing procedure on the electrical properties and electromagnetic interference shielding effectiveness. J. Appl. Polym. Sci. 
2020, 138, 3. 

18. Sangiorgi, N.; Sangiorgi, A.; Tarterini, F.; Sanson, A. Molecularly imprinted polypyrrole counter electrode for gel-state dye-
sensitized solar cells. Electrochim. Acta 2019, 305, 322–328. 

19. Samukaite-Bubniene, U.; Valiūnienė, A.; Bucinskas, V.; Genys, P.; Ratautaite, V.; Ramanaviciene, A.; Aksun, E.; Tereshchenko, 
A.; Zeybek, B.; Ramanavicius, A.; Towards Supercapacitors: Cyclic Voltammetry and Fast Fourier Transform Electrochemical 
Impedance Spectroscopy based Evaluation of Polypyrrole Electrochemically Deposited on the Pencil Graphite Electrode. Col-
loids Surf. A Physicochem. Eng. 2021, 125750, doi:10.1016/j.colsurfa.2020.125750. 

20. Emir, G.; Dilgin, Y.; Ramanaviciene, A.; Ramanavicius, A. Amperometric Nonenzymatic Glucose Biosensor based on Graphite 
Rod Electrode Modified by Ni-Nanoparticle/Polypyrrole Composite. Microchem. J. 2021, 161, 105751. 

21. Wang, Y.; Chen, Y.; Liu, Y.; Liu, W.; Zhao, P.; Li, Y.; Dong, Y.; Wang, H.; Yang, J. Urchin-like Ni1/3Co2/3(CO3)0.5OH·0;.11H2O 
anchoring on polypyrrole nanotubes for supercapacitor electrodes. Electrochim. Acta 2019, 295, 989–996. 

22. Syritski, V.; Reut, J.; Öpik, A.; Idla, K. Environmental QCM sensors coated with polypyrrole. Synth. Met. 1999, 102, 1326–1327. 
23. Leonavicius, K.; Ramanaviciene, A.; Ramanavicius, A. Polymerization Model for Hydrogen Peroxide Initiated Synthesis of 

Polypyrrole Nanoparticles. Langmuir 2011, 17, 10970–10976. 
24. German, N.; Ramanavicius, A.; Voronovic, J.; Ramanaviciene, A. Glucose biosensor based on glucose oxidase and gold nano-

particles of different sizes covered by polypyrrole layer. Colloids Surf. A Physicochem. Eng. Asp. 2012, 413, 224–230. 
25. Felix, F.S.; Angnes, L. Electrochemical immunosensors—A powerful tool for analytical applications. Biosens. Bioelectron. 2018, 

102, 470–478. 
26. Ramanaviciene, A.; Ramanavicius, A. Pulsed amperometric detection of DNA with an ssDNA/polypyrrole modified electrode. 

Anal. Bioanal. Chem. 2004, 379, 287–293. 
27. Baleviciute, I.; Ratautaite, V.; Ramanaviciene, A.; Balevicius, Z.; Broeders, J.; Croux, D.; McDonald, M.; Vahidpour, F.; Thoelen, 

R.; Ceuninck, W.D.; et al. Evaluation of Theophylline Imprinted Polypyrrole Film. Synth. Met. 2015, 209, 206–211. 
28. Vaitkuviene, A.; Kaseta, V.; Voronovic, J.; Ramanauskaite, G.; Biziuleviciene, G.; Ramanaviciene, A.; Ramanavicius, A. Evalua-

tion of Cytotoxicity of Polypyrrole Nanoparticles Synthesized by Oxidative Polymerization. J. Hazard. Mat. 2013, 250–251, 167–
174. 

29. Vaitkuviene, A.; Ratautaite, V.; Mikoliunaite, L.; Kaseta, V.; Ramanauskaite, G.; Biziuleviciene, G.; Ramanaviciene, A.; Rama-
navicius, A. Some Biocompatibility Aspects of Conducting Polymer Polypyrrole Evaluated with Bone Marrow-Derived Stem 
Cells. Colloids Surf. A 2014, 442, 152–156. 



Polymers 2021, 13, 49 14 of 19 
 

 

30. Ramanaviciene, A.; Kausaite, A.; Tautkus, S.; Ramanavicius, A. Biocompatibility of polypyrrole particles: An in vivo study in 
mice. J. Pharm. Pharmacol. 2007, 59, 311–315. 

31. Andriukonis, E.; Ramanaviciene, A.; Ramanavicius, A. Synthesis of Polypyrrole Induced by [Fe(CN)6]3− and Redox Cycling of 
[Fe(CN)6]4−/[Fe(CN)6]3−. Polymers 2018, 10, 749. 

32. Sheldon, R.A.; van Pelt, S. Enzyme immobilisation in biocatalysis: Why, what and how. Chem. Soc. Rev. 2013, 42, 6223–6235. 
33. Bornscheuer, U.T. Immobilizing enzymes: How to create more suitable biocatalysts. Angew. Chem. Int. Ed. 2003, 42, 3336–3337. 
34. German, A.; Popov, A.; Ramanaviciene, A.; Ramanavicius, A. Enzymatic Formation of Polyaniline, Polypyrrole, and Polythio-

phene Nanoparticles with Embedded Glucose Oxidase. Nanomaterials 2019, 9, E806. 
35. Miletić, N.; Nastasović, A.; Loos, K. Immobilization of biocatalysts for enzymatic polymerizations: Possibilities, advantages, 

applications. Bioresour. Technol. 2012, 115, 126–135. 
36. Bubniene, U.; Mazetyte, R.; Ramanaviciene, A.; Gulbinas, V.; Ramanavicius, A.; Karpicz, R. Fluorescence Quenching Based 

Evaluation of Glucose Oxidase Composite with Conducting Polymer–Polypyrrole. J. Phys. Chem. C 2018, 122, 9491–9498. 
37. German, A.; Popov, A.; Ramanaviciene, A.; Ramanavicius, A. Evaluation of enzymatic formation of polyaniline nanoparticles. 

Polymer 2017, 115, 211–216. 
38. Krikstolaityte, V.; Kuliesius, J.; Ramanaviciene, A.; Mikoliunaite, L.; Kausaite-Minkstimiene, A.; Oztekin, Y.; Ramanavicius, A. 

Enzymatic polymerization of polythiophene by immobilized glucose oxidase. Polymer 2014, 55, 1613–1620. 
39. Genys, P.; Aksun, E.; Tereshchenko, A.; Valiūnienė, A.; Ramanaviciene, A.; Ramanavicius, A. Electrochemical Deposition and 

Investigation of Poly-9,10-Phenanthrenequinone Layer. Nanomaterials 2019, 9, E702. 
40. German, N.; Popov, A.; Ramanaviciene, A.; Ramanavicius, A. Formation and electrochemical characterisation of enzyme-as-

sisted formation of polypyrrole and polyaniline nanocomposites with embedded glucose oxidase and gold nanoparticles. J. 
Electrochem. Soc. 2020, 167, 165501. 

41. German, N.; Ramanaviciene, A.; Ramanavicius, A. Formation of Polyaniline and Polypyrrole Nanocomposites with Embedded 
Glucose Oxidase and Gold Nanoparticles. Polymers 2019, 11, 377. 

42. Magennis, E.P.; Fernandez-Trillo, F.; Sui, C.; Spain, S.G.; Bradshaw, D.J.; Churchley, D.; Mantovani, G.; Winzer, K.; Alexander, 
C. Bacteria-instructed synthesis of polymers for self-selective microbial binding and labelling. Nat. Mater. 2014, 13, 748. 

43. Niu, J.; Lunn, D.J.; Pusuluri, A.; Yoo, J.I.; O’Malley, M.A.; Mitragotri, S.; Soh, H.T.; Hawker, C.J. Engineering live cell surfaces 
with functional polymers via cytocompatible controlled radical polymerization. Nat. Chem. 2017, 9, 537. 

44. Stirke, A.; Apetrei, R.M.; Kirsnyte, M.; Dedelaite, L.; Bondarenka, V.; Jasulaitiene, V.; Pucetaite, M.; Selskis, A.; Carac, G.; Bahrim, 
G. Synthesis of polypyrrole microspheres by Streptomyces spp. Polymer 2016, 84, 99–106. 

45. Ramanavicius, A.; Andriukonis, E.; Stirke, A.; Mikoliunaite, L.; Balevicius, Z.; Ramanaviciene, A. Synthesis of Polypyrrole 
Within the Cell Wall of Yeast by Redox-Cycling of [Fe(CN)6]3−/[Fe(CN)6]4−. Enzym. Microb. Technol. 2016, 83, 40–47. 

46. Kisieliute, A.; Popov, A.; Apetrei, R.M.; Cârâc, G.; Morkvenaite-Vilkonciene, I.; Ramanaviciene, A.; Ramanavicius, A. Towards 
Microbial Biofuel Cells: Improvement of Charge Transfer by Self-Modification of Microoganisms with Conducting Polymer–
Polypyrrole. Chem. Eng. J. 2019, 356, 1014–1021. 

47. Andriukonis, E.; Stirke, A.; Garbaras, A.; Mikoliunaite, L.; Ramanaviciene, A.; Remeikis, V.; Thornton, B.; Ramanavicius, A. 
Yeast-Assisted Synthesis of Polypyrrole: Quantification and Influence on the Mechanical Properties of the Cell Wall. Colloids 
Surf. B Biointerfaces 2018, 164, 224–231. 

48. Apetrei, R.M.; Carac, G.; Bahrim, G.; Ramanaviciene, A.; Ramanavicius, A. Modification of Aspergillus niger by conducting 
polymer–Polypyrrole, and the evaluation of electrochemical properties of modified cells. Bioelectrochemistry 2018, 121, 46–55. 

49. Apetrei, R.M.; Carac, G.; Ramanaviciene, A.; Bahrim, G.; Tanase, C.; Ramanavicius, A. Cell-Assisted Synthesis of Conducting 
Polymer–Polypyrrole–for the Improvement of Electric Charge Transfer through Fungi Cell Wall. Colloids Surf. B Biointerfaces 
2019, 175, 671–679. 

50. Song, R.B.; Wu, Y.; Lin, Z.Q.; Xie, J.; Tan, C.H.; Loo, J.S.C.; Cao, B.; Zhang, J.R.; Zhu, J.J.; Zhang, Q. Living and Conducting: 
Coating Individual Bacterial Cells with In Situ Formed Polypyrrole. Angew. Chem. Int. Ed. 2017, 56, 10516–10520. 

51. Apetrei, R.M.; Cârâc, G.; Bahrim, G.; Camurlu, P. Utilization of enzyme extract self-encapsulated within polypyrrole in sensitive 
detection of catechol. Enzym. Microb. Technol. 2019, 128, 34–39. 

52. Apetrei, R.M.; Cârâc, G.; Bahrim, G.; Camurlu, P. Sensitivity enhancement for microbial biosensors through cell Self-Coating 
with polypyrrole. Int. J. Polym. Mater. Polym. Biomater. 2019, 68, 1–10. 

53. Sherman, H.G.; Hicks, J.M.; Jain, A.; Titman, J.J.; Alexander, C.; Stolnik, S.; Rawson, F.J. Mammalian-Cell-Driven Polymerisation 
of Pyrrole. ChemBioChem 2019, 20, 1008–1013. 

54. Long, Y.; Mengli, M.; Gu, C.; Wan, M.; Duvail, J.L.; Liu, Z.; Fan, Z. Recent Advances in Synthesis Physical Properoties and 
Application of Conducting Polymer Nanotubes and Nanofibers. Prog. Polym. Sci. 2011, 36, 1415–1442. 

55. Rahman, M.A.; Kumar, P.; Park, D.; Shim, Y. Electrochemical Sensors Based on Organic Conjugated Polymers. Sensors 2008, 8, 
118–141. 

56. Luc, B.; Street, G. Polarons, bipolarons, and solitons in conducting polymers. Acc. Chem. Res. 1985, 18, 309–315. 
57. Srilalitha, S.; Jayaveera, K.; Madhvendhra, S. The Effect of Dopant, Temperature and Band Gap on Conductivity of Conducting 

Polymers. Int. J. Innov. Res. Sci. Eng. Technol. 2013, 2, 2694–2696. 
58. Le, T.H.; Kim, Y.; Yoon, H. Electrical and Electrochemical Properties of Conducting Polymers. Polymers 2017, 9, 150. 
59. Bai, S.; Hu, Q.; Zeng, Q.; Wang, M.; Wang, L. Variations in surface morphologies, properties, and electrochemical responses to 

nitro-analyte by controlled electropolymerization of thiophene derivatives. ACS Appl. Mater. Interfaces 2018, 10, 11319–11327. 



Polymers 2021, 13, 49 15 of 19 
 

 

60. Stewart, S.; Adams Ivy, M.; Anslyn, E.V. The use of principal component analysis and discriminant analysis in differential 
sensing routines. Chem. Soc. Rev. 2014, 43, 70–84. 

61. Turemis, M.; Zappi, D.; Giardi, M.T.; Basile, G.; Ramanaviciene, A.; Kapralovs, A.; Ramanavicius, A.; Viter, R. ZnO/Polyaniline 
Composite Based Photoluminescence Sensor for the Determination of Acetic Acid Vapor. Talanta 2020, 211, 120658. 

62. Ramanavicius, A.; Ryskevic, N.; Oztekin, Y.; Kausaite-Minkstimiene, A.; Jursenas, S.; Baniukevic, J.; Kirlyte, J.; Bubniene, U.; 
Ramanaviciene, A. Immunosensor based on fluorescence quenching matrix of conducting polymer–polypyrrole. Anal. Bioanal. 
Chem. 2010, 398, 3105–3113. 

63. Ramanavicius, A.; Kurilcik, N.; Jursenas, S.; Finkelsteinas, A.; Ramanaviciene, A. Conducting polymer based fluorescence 
quenching as a new approach to increase the selectivity of immunosensors. Biosens. Bioelectron. 2007, 23, 499–505. 

64. Mako, T.L.; Racicot, J.M.; Levine, M. Supramolecular Luminescent Sensors. Chem. Rev. 2019, 119, 322–477. 
65. Bhunia, S.; Dey, N.; Pradhan, A.; Bhattacharya, S. A conjugated microporous polymer based visual sensing platform for ami-

noglycoside antibiotic in water. Chem. Commun. 2018, 54, 7495–7498. 
66. Tan, J.; Chen, W.J.; Guo, J. Conjugated microporous polymers with distinctive π-electronic properties exhibiting enhanced op-

tical applications. Chin. Chem. Lett. 2016, 27, 1405–1411. 
67. Liu, H.; Wang, Y.; Mo, W.; Tang, H.; Cheng, Z.; Chen, Y.; Zhang, S.; Ma, H.; Li, B.; Li, X. Dendrimer-Based, High-Luminescence 

Conjugated Microporous Polymer Films for Highly Sensitive and Selective Volatile Organic Compound Sensor Arrays. Adv. 
Funct. Mater. 2020, 30, 1910275. 

68. Zhang, Q.; Yu, S.; Wang, Q.; Xiao, Q.; Yue, Y.; Ren, S. Fluorene-based conjugated microporous polymers: Preparation and chem-
ical sensing application. Macromol. Rapid Commun. 2017, 38, 1700445, doi:10.1002/marc.201700445. 

69. Zhang, B.; Li, B.; Wang, Z. Creation of Carbazole-Based Fluorescent Porous Polymers for Recognition and Detection of Various 
Pesticides in Water. ACS Sens. 2020, 5, 162–170. 

70. Kou, Y.; Xu, Y.; Guo, Z.; Jiang, D. Supercapacitive energy storage and electric power supply using an aza-fused pi-conjugated 
microporous framework. Angew. Chem. Int. Ed. Engl. 2011, 50, 8753–8757. 

71. Jiang, J.X.; Su, F.; Trewin, A.; Wood, C.D.; Campbell, N.L.; Niu, H.; Dickinson, C.; Ganin, A.Y.; Rosseinsky, M.J.; Khimyak, Y.Z.; 
et al. Conjugated Microporous Poly(aryleneethynylene)Networks. Angew. Chem. Int. Ed. 2007, 46, 8574–8578. 

72. Naveen, M.H.; Gurudatt, N.G.; Shim, Y.B. Applications of conducting polymer composites to electrochemical sensors: A review. 
Appl. Mater. Today 2017, 9, 419–433. 

73. Ghorbani Zamani, F.; Moulahoum, H.; Ak, M.; Demirkol, D.O.; Timur, S. Current trends in the development of conducting 
polymers-based biosensors. Trac Trends Anal. Chem. 2019, 118, 264–276. 

74. Kumar, R.; Singh, S.; Yadav, B.C. Conducting Polymers: Synthesis, Properties and Applications. Int. Adv. Res. J. Sci. Eng. Technol. 
2015, 2, 110–124. 

75. Lee, S.H.; Cho, W.; Hwang, D.K.; Lee, T.K.; Kang, Y.S.; Im, S.S. Synthesis of poly(3,4-ethylene dioxythiophene)/ammonium 
vanadate nanofiber composites for counter electrode of dye-sensitized solar cells. Electrochim. Acta 2017, 245, 607–614. 

76. Thomas, J.P.; Rahman, M.A.; Srivastava, S.; Kang, J.S.; McGillivray, D.; Abd-Ellah, M.; Heinig, N.F.; Leung, K.T. Highly con-
ducting hybrid silver-nanowire-embedded poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) for high-efficiency planar 
silicon/organic heterojunction solar cells. ACS Nano 2018, 12, 9495–9503. 

77. Chen, J.; Wen, H.; Zhang, G.; Lei, F.; Feng, Q.; Liu, Y.; Cao, X.; Dong, H. Multifunctional Conductive Hydrogel/Thermochromic 
Elastomer Hybrid Fibers with a Core–Shell Segmental Configuration for Wearable Strain and Temperature Sensors. ACS Appl. 
Mater. Interfaces 2020, 12, 7565–7574. 

78. Tomczykowa, M.; Plonska-Brzezinska, M.E. Conducting polymers, hydrogels and their composites: Preparation, properties and 
bioapplications. Polymers 2019, 11, 350. 

79. Ratautaite, V.; Topkaya, S.N.; Mikoliunaite, L.; Ozsoz, M.; Oztekin, Y.; Ramanaviciene, A.; Ramanavicius, A. Molecularly Im-
printed Polypyrrole for DNA Determination. Electroanalysis 2013, 25, 1169–1177. 

80. 80.. Ramanavicius, A.; Ryskevic, N.; Kausaite-Minkstimiene, A.; Bubniene, U.; Baleviciute, I.; Oztekin, Y.; Ramanaviciene, A. 
Fluorescence Study of Glucose Oxidase Self-Encapsulated Within Polypyrrole. Sens. Actuators B Chem. 2012, 171–172, 753–759. 

81. Li, L.; Shi, Y.; Pan, L.; Shi, Y.; Yu, G. Rational design and applications of conducting polymer hydrogels as electrochemical 
biosensors. J. Mater. Chem. B Mater. Biol. Med. 2015, 3, 2920–2930. 

82. Wang, Y.; Shi, Y.; Pan, L.; Yang, M.; Peng, L.; Zong, S.; Shi, Y.; Yu, G. Multifunctional superhydrophobic surfaces templated 
from innately microstructured hydrogel matrix. Nano Lett. 2014, 14, 4803–4809. 

83. Li, L.; Wang, Y.; Pan, L.; Shi, Y.; Cheng, W.; Shi, Y.; Yu, G. A Nanostructured conductive hydrogels-based biosensor platform 
for human metabolite detection. Nano Lett. 2015, 15, 1146–1151. 

84. Deshmukh, M.A.; Patil, H.K.; Bodkhe, G.A.; Yasuzawa, M.; Koinkar, P.; Ramanaviciene, A.; Shirsat, M.D.; Ramanavicius, A. 
EDTA-Modified PANI/SWNTs Nanocomposite for Differential Pulse Voltammetry Based Determination of Cu(II) Ions. Sens. 
Actuators B Chem. 2018, 260, 331–338. 

85. Deshmukh, M.A.; Celiesiute, R.; Ramanaviciene, A.; Shirsat, M.D.; Ramanavicius, A. EDTA_PANI/SWCNTs Nanocomposite 
Modified Electrode for Electrochemical Determination of Copper (II), Lead (II) and Mercury (II) Ions. Electrochim. Acta 2018, 
259, 930–938. 

86. Deshmukh, M.A.; Shirsat, M.D.; Ramanaviciene, A.; Ramanavicius, A. Composites Based on Conducting Polymers and Carbon 
Nanomaterials for Heavy Metal Ion Sensing (Review). Crit. Rev. Anal. Chem. 2018, 48, 293–304. 



Polymers 2021, 13, 49 16 of 19 
 

 

87. Shun, W.; Hu, Q.; Liu, Y.; Meng, X.; Ye, Y.; Liu, X.; Song, X.; Liang, Z. Multifunctional Conjugated Microporous Polymers with 
Pyridine Unit for Efficient Iodine Sequestration, Exceptional Tetracycline Sensing and Removal. J. Hazard. Mater. 2020, 387, 
121049. 

88. German, N.; Kausaite-Minkstimiene, A.; Ramanavicius, A.; Semashko, T.; Mikhailova, R.; Ramanaviciene, A. The use of differ-
ent glucose oxidases for the development of an amperometric reagentless glucose biosensor based on gold nanoparticles cov-
ered by polypyrrole. Electrochim. Acta 2015, 169, 326–333. 

89. Cabaj, J.; Sołoducho, J.; Chyla, A.; Jędrychowska, A. Hybrid phenol biosensor based on modified phenoloxidase electrode. Sens. 
Actuators B 2011, 157, 225–231. 

90. Nazari, M.; Kashanian, S.; Rafipour, R. Laccase immobilization on the electrode surface to design a biosensor for the detection 
of phenolic compound such as catechol. Spectrochim. Acta A 2015, 145, 130–138, doi:10.1016/j.saa.2015.01.126. 

91. Kausaite-Minkstimiene, A.; Glumbokaite, L.; Ramanaviciene, A.; Dauksaite, E.; Ramanavicius, A. An amperometric glucose 
biosensor based on poly(pyrrole-2-carboxylic acid)/glucose oxidase biocomposite. Electroanalysis 2018, 30, 1642–1652. 

92. German, N.; Ramanaviciene, A.; Ramanavicius, A. Formation and electrochemical evaluation of polyaniline and polypyrrole 
nanocomposites based on glucose oxidase and gold-nanostructures. Polymers 2020, 12, 3026. 

93. Plausinaitis, D.; Sinkevicius, L.; Samukaite-Bubniene, U.; Ratautaite, V.; Ramanavicius, A. Evaluation of Electrochemical Quartz 
Crystal Microbalance Based Sensor Modified by Uric Acid-imprinted Polypyrrole. Talanta 2020, 220, 121414. 

94. Gurudatt, N.G.; Chung, S.; Kim, J.-M.; Kim, M.-H.; Jung, D.-K.; Han, J.-Y.; Shim, Y.-B. Separation detection of different circulat-
ing tumor cells in the blood using an electrochemical microfluidic channel modified with a lipid-bonded conducting polymer. 
Biosens. Bioelectron. 2019, 146, 111746. 

95. Rattanarat, P.; Suea-Ngam, A.; Ruecha, N.; Siangproh, W.; Henry, C.S.; Srisa-Art, M.; Chailapakul, O. Graphene-polyaniline 
modified electrochemical droplet-based microfluidic sensor for high-throughput determination of 4-aminophenol. Anal. Chim. 
Acta 2016, 925, 51–60. 

96. Plikusiene, I.; Balevicius, Z.; Ramanaviciene, A.; Talbot, J.; Mickiene, G.; Balevicius, S.; Stirke, A.; Tereshchenko, A.; Tamosaitis, 
L.; Zvirblis, G.; et al. Evaluation of affinity sensor response kinetics towards dimeric ligands linked with spacers of different 
rigidity: Immobilized recombinant granulocyte colony-stimulating factor based synthetic receptor binding with genetically en-
gineered dimeric analyte derivatives. Biosens. Bioelectron. 2020, 156, 112112. 

97. Makaraviciute, A.; Ramanaviciene, A. Site-directed antibody immobilization techniques for immunosensors. Biosens. Bioelec-
tron. 2013, 50, 460–471. 

98. Zhang, G.; Yu, Y.; Guo, M.; Lin, B.; Zhang, L. A sensitive determination of albumin in urine by molecularly imprinted electro-
chemical biosensor based on dual-signal strategy. Sens. Actuators B Chem. 2019, 288, 564–570. 

99. Tretjakov, A.; Syritski, V.; Reut, J.; Boroznjak, R.; Volobujeva, O.; Öpik, A. Surface molecularly imprinted polydopamine films 
for recognition of immunoglobulin G. Microchim. Acta 2013, 180, 1433–1442. 

100. Menaker, A.; Syritski, V.; Reut, J.; Öpik, A.; Horváth, V.; Gyurcsányi, R.E. Electrosynthesized surface-imprinted conducting 
polymer microrods for selective protein recognition. Adv. Mater. 2009, 21, 2271–2275. 

101. Guerreiro, J.R.L.; Bochenkov, V.E.; Runager, K.; Aslan, H.; Dong, M.; Enghild, J.J.; De Freitas, V.; Ferreira Sales, M.G.; Suther-
land, D.S. Molecular imprinting of complex matrices at localized surface plasmon resonance biosensors for screening of global 
interactions of polyphenols and proteins. ACS Sens. 2016, 1, 258–264. 

102. Lin, Z.T.; Demarr, V.; Bao, J.; Wu, T. Molecularly Imprinted Polymer-Based Biosensors. For the early, rapid detection of patho-
gens, biomarkers and toxins in clinical, environmental, or food samples. IEEE Nanotechnol. Mag. 2018, 12, 6–13. 

103. Rachkov, A.E.; Cheong, S.H.; El’skaya, A.V.; Yano, K.; Karube, I. Molecularly Imprinted Polymers as Artificial Steroid Recep-
tors. Polym. Advan. Technol. 1998, 9, 511–519. 

104. Des Azevedo, S.; Lakshimi, D.; Chianella, I.; Whitcombe, M.J.; Karim, K.; Ivanova-Mitseva, P.K.; Subrahmanyam, S.; Piletsky, 
S.A. Molecularly Imprinted Polymer-Hybrid Electrochemical Sensor for the Detection of β-Estradiol. Ind. Eng. Chem. Res. 2013, 
52, 13917–13923. 

105. Lahcen, A.A.; Baleg, A.A.; Baker, P.; Iwuoha, E.; Amine, A. Synthesis and electrochemical characterization of nanostructured 
magnetic molecularly imprinted polymers for 17-β-estradiol determination. Sens. Actuators B Chem. 2017, 241, 698–705. 

106. Ye, L.; Mosbach, K. Molecularly imprinted microspheres as antibody binding mimics. React. Funct. Polym. 2001, 48, 149–157. 
107. Peeters, M.; Kobben, S.; Jiménez-Monroy, K.L.; Modesto, L.; Kraus, M.; Vandenryt, T.; Gaulke, A.; van Grinsven, B.; Ingebrandt, 

S.; Junkers, T. Thermal detection of histamine with a graphene oxide based molecularly imprinted polymer platform prepared 
by reversible addition–fragmentation chain transfer polymerization. Sens. Actuators B Chem. 2014, 203, 527–535. 

108. Zhang, X.; Peng, Y.; Bai, J.; Ning, B.; Sun, S.; Hong, X.; Liu, Y.; Liu, Y.; Gao, Z. A novel electrochemical sensor based on electro-
polymerized molecularly imprinted polymer and gold nanomaterials amplification for estradiol detection. Sens. Actuators B 
Chem. 2014, 200, 69–75. 

109. Crapnell, R.D.; Hudson, A.; Foster, C.W.; Eersels, K.; van Grinsven, B.; Cleij, T.J.; Banks, C.E.; Peeters, M. Recent Advances in 
Electrosynthesized Molecularly Imprinted Polymer Sensing Platforms for Bioanalyte Detection. Sensors 2019, 19, 1204. 

110. Devkota, L.; Nguyen, L.T.; Vu, T.T.; Piro, B. Electrochemical determination of tetracycline using AuNP-coated molecularly im-
printed overoxidized polypyrrole sensing interface. Electrochim. Acta 2018, 270, 535–542. 

111. Ratautaite, V.; Janssens, S.D.; Haenen, K.; Nesládek, M.; Ramanaviciene, A.; Baleviciute, I.; Ramanavicius, A. Molecularly Im-
printed Polypyrrole Based Impedimentric Sensor for Theophylline Determination. Electrochim. Acta 2014, 130, 361–367. 



Polymers 2021, 13, 49 17 of 19 
 

 

112. Gholivand, M.B.; Karimian, N. Fabrication of a highly selective and sensitive voltammetric ganciclovir sensor based on electro-
polymerized molecularly imprinted polymer and gold nanoparticles on multiwall carbon nanotubes/glassy carbon electrode. 
Sens. Actuators B Chem. 2015, 215, 471–479. 

113. Teng, Y.; Liu, F.; Kan, X. Voltammetric dopamine sensor based on three-dimensional electrosynthesized molecularly imprinted 
polymers and polypyrrole nanowires. Microchim. Acta 2017, 184, 2515–2522. 

114. Zaidi, S.A. Utilization of an environmentally-friendly monomer for an efficient and sustainable adrenaline imprinted electro-
chemical sensor using graphene. Electrochim. Acta 2018, 274, 370–377. 

115. Syritski, V.; Reut, J.; Menaker, A.; Gyurcsányi, R. E.; Öpik, A.; Electrosynthesized molecularly imprinted polypyrrole films for 
enantioselective recognition of L-aspartic acid. Electrochim. Acta 2008, 53, 2729–2736. 

116. Liu, W.; Ma, Y.; Sun, G.; Wang, S.; Deng, J.; Wei, H. Molecularly imprinted polymers on graphene oxide surface for EIS sensing 
of testosterone. Biosens. Bioelectron. 2017, 92, 305–312. 

117. Yola, M.L.; Atar, N. A Novel Detection Approach for Serotonin by Graphene Quantum Dots/Two-Dimensional (2D) Hexagonal 
Boron Nitride Nonosheets with Molecularly Imprinted Polymer. Appl. Surf. Sci. 2018, 458, 648–655. 

118. Ratautaite, V.; Nesladek, M.; Ramanaviciene, A.; Baleviciute, I.; Ramanavicius, A. Evaluation of Histamine Imprinted Polypyr-
role Deposited on Boron Doped Nanocrystalline Diamond. Electroanalysis 2014, 26, 2458–2464. 

119. Babamiri, B.; Salimi, A.; Hallaj, R. A molecularly imprinted electrochemiluminescence sensor for ultrasensitive HIV-1 gene de-
tection using EuS nanocrystals as luminophore. Biosens. Bioelectron. 2018, 117, 332–339. 

120. Tamboli, V.K.; Bhalla, N.; Jolly, P.; Bowen, C.R.; Taylor, J.T.; Bowen, J.L.; Allender, C.J.; Estrela, P. Hybrid Synthetic Receptors 
on MOSFET Devices for Detection of Prostate Specific Antigen in Human Plasma. Anal. Chem. 2016, 88, 11486–11490. 

121. Zeng, Q.; Huang, X.; Ma, M. A Molecularly Imprinted Electrochemical Sensor Based on Polypyrrole/Carbon Nanotubes Com-
posite for the Detetction of S-ovoalbumin in Egg White. Int. J. Electrochem. Sci. 2017, 12, 3964–3981. 

122. Shumyantseva, V.V.; Bulko, T.V.; Sigolaeva, L.V.; Kuzikov, A.V.; Archakov, A.I. Electrosynthesis and binding properties of 
molecularly imprinted poly-o-phenylenediamine for selective recognition and direct electrochemical detection of myoglobin. 
Biosens. Bioelectron. 2016, 86, 330–336. 

123. Stojanovic, Z.; Erdossy, J.; Keltai, K.; Scheller, F.W.; Gyurcsanyi, R.E. Electrosynthesized molecularly imprinted polyscopoletin 
nanofilms for human serum albumin detection. Anal. Chim. Acta. 2017, 977, 1–9. 

124. Ramanaviciene, A.; Ramanavicius, A. Molecularly imprinted polypyrrole-based synthetic receptor for direct detection of bovine 
leukemia virus glycoproteins. Biosens. Bioelectron. 2004, 20, 1076–1082. 

125. Lahcen, A.A.; Arduini, F.; Lista, F.; Amine, A. Label-free Electrochemical Sensor based on Spore-Imprinted Polymer for Bacillus 
cereus Spore Detection. Sens. Actuators B Chem. 2018, 276, 114–120. 

126. Chen, S.; Chen, X.; Zhang, L.; Gao, J.; Ma, Q. Electrochemiluminescence Detection of Escherichia coli O157:H7 Based on a Novel 
Polydopamine Surface Imprinted Polymer Biosensor. ACS Appl. Mater. Interfaces 2017, 9, 5430–5436. 

127. Jafari, S.; Dehghani, M.; Nasirizadeh, N.; Azimzadeh, M. An azithromycin electrochemical sensor based on an aniline MIP film 
electropolymerized on a gold nano urchins/graphene oxide modified glassy carbon electrode. J. Electroanal. 2018, 829, 27–34. 

128. Spychalska, K.; Zając, D.; Baluta, S.; Halicka, K.; Cabaj, J. Functional Polymers Structures for (Bio)Sensing Application—A Re-
view. Polymers 2020, 12, 1154. 

129. Yoshikawa, M.; Tharpa, K.; Dima, O. Molecularly imprinted membranes: Past, present, and future. Chem. Rev. 2016, 116, 11500–
11528. 

130. Wackerlig, J.; Lieberzeit, P.A. Molecularly imprinted polymer nanoparticles in chemical sensing—Synthesis, characterisation 
and application. Sens. Actuators B Chem. 2015, 207, 144–157. 

131. Chen, L.; Xu, S.; Li, J. Recent advances in molecular imprinting technology: Current status, challenges, and highlighted appli-
cations. Chem. Soc. Rev. 2011, 40, 2922–2942. 

132. Deshmukh, M.A.; Gicevicius, M.; Ramanaviciene, A.; Shirsat, M.D.; Viter, R.; Ramanavicius, A. Hybrid 
electrochemical/electrochromic Cu(II) ion sensor prototype based on PANI/ITO-electrode. Sens. Actuators B Chem. 2017, 248, 
527–535. 

133. Popov, A.; Brasiunas, B.; Mikoliunaite, L.; Bagdziunas, G.; Ramanavicius, A.; Ramanaviciene, A. Comparative Study of Polyan-
iline (PANI), Poly(3,4-ethylenedioxythiophene) (PEDOT) and PANI-PEDOT Films Electrodeposited on Transparent Indium 
Thin Oxide based Electrodes. Polymer 2019, 172, 133–141. 

134. Gicevicius, M.; Kucinski, J.; Ramanaviciene, A.; Ramanavicius, A. Tuning the optical pH sensing properties of polyaniline-based 
layer by electrochemical copolymerization of aniline with o-phenylenediamine. Dyes Pigments 2019, 170, 107457. 

135. Gicevicius, M.; Celiesiute, R.; Ramanaviciene, A.; Bagdziunas, G.; Ramanavicius, A. Analytical evaluation of optical pH-sensi-
tivity of polyaniline layer electrochemically deposited on ITO electrode. J. Electrochem. Soc. 2018, 165, H903–H907. 

136. Viter, R.; Tereshchenko, A.; Smyntyna, V.; Ogorodniichuk, J.; Starodub, N.; Yakimova, R.; Khranovskyy, V.; Ramanavicius, A. 
Toward development of optical biosensors based on photoluminescence of TiO2 nanoparticles for the detection of Salmonella. 
Sens. Actuators B 2017, 252, 95–102. 

137. Tereshchenko, A.; Bechelany, M.; Viter, R.; Khranovskyy, V.; Smyntyna, V.; Starodub, N.; Yakimova, R. Optical Biosensors 
Based on ZnO Nanostructures: Advantages and Perspectives. A Review. Sens. Actuators B 2016, 229, 664–677. 

138. Celiesiute, R.; Ramanaviciene, A.; Gicevicius, M.; Ramanavicius, A. Electrochromic sensors based on conducting polymers, 
metal oxides and coordination complexes. Crit. Rev. Anal. Chem. 2019, 49, 195–208. 



Polymers 2021, 13, 49 18 of 19 
 

 

139. Ratautaite, V.; Bagdziunas, G.; Ramanavicius, A.; Ramanaviciene, A. An application of conducting polymer polypyrrole for the 
design of electrochromic pH and CO2 sensors. J. Electrochem. Soc. 2019, 166, B297–B303. 

140. Popov, A.; Brasiunas, B.; Damaskaite, A.; Plikusiene, I.; Ramanavicius, A.; Ramanaviciene, A. Electrodeposited gold nanostruc-
tures for the enhancement of electrochromic properties of PANI–PEDOT film deposited on transparent electrode. Polymers 2020, 
12, 2778. 

141. Kausaite-Minkstimiene, A.; Glumbokaite, L.; Ramanaviciene, A.; Ramanavicius, A. Reagent-less amperometric glucose biosen-
sor based on nanobiocomposite consisting of poly(1,10-phenanthroline-5,6-dione), poly(pyrrole-2-carboxylic acid), gold nano-
particles and glucose oxidase. Microchem. J. 2020, 154, 104665. 

142. Olgac, R.; Soganci, T.; Baygu, Y.; Gok, Y.; Ak, M. Zinc(II) phthalocyanine fused in peripheral positions octa-substituted with 
alkyl linked carbazole: Synthesis, electropolymerization and its electro-optic and biosensor applications. Biosens. Bioelectron. 
2017, 98, 202–209. 

143. Gicevicius, M.; Bagdziunas, G.; Abduloglu, Y.; Ramanaviciene, A.; Gumusay, O.; Ak, M.; Soganci, T.; Ramanavicius, A. Exper-
imental and Theoretical Investigations of an Electrochromic Azobenzene and 3,4-Ethylenedioxythiophene-Based Electrochem-
ically Formed Polymeric Semiconductor. ChemPhysChem 2018, 19, 2735–2740. 

144. Gokoglan, T.C.; Soylemez, S.; Kesik, M.; Unay, H.; Sayin, S.; Yildiz, H.B.; Cirpan, A.; Toppare, L. A novel architecture based on 
a conducting polymer and calixarene derivative: Its synthesis and biosensor construction. RSC Adv. 2015, 5, 35940–35947. 

145. Mazeiko, V.; Kausaite-Minkstimiene, A.; Ramanaviciene, A.; Balevicius, Z.; Ramanavicius, A. Gold nanoparticle and conducting 
polymer-polyaniline-based nanocomposites for glucose biosensor design. Sens. Actuators B Chem. 2013, 189, 187–193. 

146. Ahuja, T.; Mir, I.A.; Rajesh, K.D. Biomolecular immobilization on conducting polymers for biosensing applications. Biomaterials 
2007, 28, 791–805. 

147. Neo, W.T.; Ye, Q.; Chua, S.J.; Xu, J. Conjugated polymer-based electrochromics: Materials, device fabrication and application 
prospects. J. Mater. Chem. C 2016, 4, 7364–7376. 

148. Soylemez, S.; Hacioglu, S.O.; Kesik, M.; Unay, H.; Cirpan, A.; Toppare, L. A Novel and Effective Surface Design: Conducting 
Polymer/β-Cyclodextrin Host−Guest System for Cholesterol Biosensor. ACS Appl. Mater. Interfaces 2014, 6, 18290–18300. 

149. Gvozdenović, M.M.; Jugovic, B.Z.; Stevanovic, J.S.; Trisovic, T.L.; Grgur, B.N. Electrochemical polymerization of aniline. Synth. 
Met. 1987, 18, 323–328. 

150. Yağmur, İ.; Ak, M.; Bayrakçeken, A. Fabricating multicolored electrochromic devices using conducting copolymers. Smart 
Mater. Struct. 2013, 22, 115022. 

151. Heller, A. Implanted electrochemical glucose sensors for the management of diabetes. Annu. Rev. Biomed. Eng. 1999, 1, 153–175. 
152. Park, C.S.; Lee, C.; Kwon, O.S. Conducting Polymer Based Nanobiosensors. Polymers 2016, 8, 249. 
153. Ullah, S.; Hammade, F.; Engblom, J.; Ramanvicius, A.; Bubniene, U.; Ramanaviciene, A.; Ruzgas, T. In-vitro model for assessing 

glucose diffusion through skin. Biosens. Bioelectron. 2018, 110, 175–179. 
154. Huang, L.; Zhuang, X.; Hu, J.; Lang, L.; Zhang, P.; Wang, Y.; Chen, X.; Wei, Y.; Jing, X. Synthesis of biodegradable and electro-

active multiblock polylactide and aniline pentamer copolymer for tissue engineering applications. Biomacromolecules 2008, 9, 
850–858. 

155. Guo, Y.; Li, M.; Mylonakis, A.; Han, J.; MacDiarmid, A.G.; Chen, X.; Lelkes, P.I.; Wei, Y. Electroactive oligoaniline-containing 
self-assembled monolayers for tissue engineering applications. Biomacromolecules 2007, 8, 3025–3034. 

156. Liu, X.; Gilmore, K.J.; Moulton, S.E.; Wallace, G.G. Electrical stimulation promotes nerve cell differentiation on polypyr-
role/poly(2-methoxy-5 aniline sulfonic acid) composites. J. Neural Eng. 2009, 6, 065002. 

157. Humpolicek, P.; Kasparkova, V.; Saha, P.; Stejskal, J. Biocompatibility of polyaniline. Synth. Met. 2012, 162, 722–727. 
158. Zhao, X.; Li, P.; Guo, B.; Ma, P.X. Antibacterial and conductive injectable hydrogels based on quaternized chitosan-graft-poly-

aniline/oxidized dextran for tissue engineering. Acta Biomater. 2015, 26, 236–248. 
159. Zhao, F.; Bae, J.; Zhou, X.; Guo, Y.; Yu, G. Nanostructured Functional Hydrogels as an Emerging Platform for Advanced Energy 

Technologies. Adv. Mater. 2018, 30, 1801796. 
160. Shi, Y.; Wang, M.; Ma, C.B.; Wang, Y.Q.; Li, X.P.; Yu, G.H. A Conductive Self-Healing Hybrid Gel Enabled by Metal–Ligand 

Supramolecule and Nanostructured Conductive Polymer. Nano Lett. 2015, 15, 6276–6281. 
161. Xu, Y.; Cui, M.; Patsis, P.A.; Günther, M.; Yang, X.; Eckert, K.; Zhang, Y. Reversibly Assembled Electroconductive Hydrogel via 

a Host–Guest Interaction for 3D Cell Culture. ACS Appl. Mater. Interfaces 2019, 11, 7715–7724. 
162. Mawad, D.; Stewart, E.; Officer, D.L.; Romeo, T.; Wagner, P.; Wagner, K.; Wallace, G.G. A Single Component Conducting Pol-

ymer Hydrogel as a Scaffold for Tissue Engineering. Adv. Funct. Mater. 2012, 22, 2692–2699. 
163. Dong, R.; Zhao, X.; Guo, B.; Ma, P.X. Self-Healing Conductive Injectable Hydrogels with Antibacterial Activity as Cell Delivery 

Carrier for Cardiac Cell Therapy. ACS Appl. Mater. Interfaces 2016, 8, 17138–17150. 
164. Ginting, M.; Pasaribu, S.; Masmur, P.; Kabana, I.; Hestina, J. Self-healing composite hydrogel with antibacterial and reversible 

restorability conductive properties. RSC Adv. 2020, 10, 5050. 
165. Bhat, A.; Amanor-Boadu, J.M.; Guiseppi-Elie, A. Toward Impedimetric Measurement of Acidosis with a pH-Responsive Hy-

drogel Sensor. ACS Sens. 2020, 5, 500–509. 
166. 1Luo, C.; Wei, N.; Sun, X.; Luo, F. Fabrication of self-healable, conductive, and ultra-strong hydrogel from polyvinyl alcohol 

and grape seed–extracted polymer. J. Appl. Polym. Sci. 2020, 137, 49118. 



Polymers 2021, 13, 49 19 of 19 
 

 

167. Wang, S.; Guo, G.; Lu, X.; Ji, S.; Tan, G.; Gao, L. Facile Soaking Strategy Toward Simultaneously Enhanced Conductivity and 
Toughness of Self-Healing Composite Hydrogels Through Constructing Multiple Noncovalent Interactions. ACS Appl. Mater. 
Interfaces 2018, 10, 19133–19142. 


