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Abstract

In recent years, an increasing number of studies has demonstrated that redox polymers can be used in simple and effective
electrochemical sensing platforms due to their fast electron transfer and electrocatalytic ability. To develop more sensitive and
selective electrochemical (bio)sensors, the electrocatalytic properties of redox polymers and the electrical, mechanical, and
catalytic properties of various nanomaterials are combined. This review aims to summarize and contribute to the development
of (bio)sensors based on polyphenazine or polytriphenylmethane redox polymers combined with nanomaterials, including
carbon-based nanomaterials, metal/metal oxide, and semiconductor nanoparticles. The synthesis, preparation, and modification
of these nanocomposites is presented and the contribution of each material to the performance of (bio)sensor has been be
examined. It is explained how the combined use of these redox polymers and nanomaterials as a sensing platform leads to
improved analytical performance of the (bio)sensors. Finally, the analytical performance characteristics and practical applications
of polyphenazine and polytriphenylmethane redox polymer/nanomaterial-based electrochemical (bio)sensors are compared and
discussed.

Keywords Redox polymer - Electrochemical sensors - Electrochemical biosensors - Carbon nanomaterials - Nanoparticles -
Electropolymerization

Introduction electron state of their active site [2]. Among redox poly-

mers, polyphenazine/polytriphenylmethane polymers have

Redox polymers have been investigated since the 1970s. In
the late 1980s, Degani and Heller [1] began to focus on
research into electrochemical sensors based on redox poly-
mers and developed a glucose biosensor using Os-com-
plexes. In recent years, the use of redox polymers has in-
creased in biofuel cells, biosensors, and energy storage
technologies due to the fast rate of electron transfer. By
acting as redox mediator, they facilitate the change of the
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seen extensive use in electrochemical (bio)sensors over the
past 30 years [3]. These polymers, formed by the
electropolymerization of phenazine/triphenylmethane dyes
on substrate electrodes, show monomer type redox activity
after polymerization [4]. The polymerization is usually
done by potential cycling (implemented as cyclic volt-
ammetry (CV)), or at constant applied potential (imple-
mented as fixed-potential amperometry) [3]. The electro-
chemically induced formation of the cation-radical at pos-
itive potentials and the structure of monomer affect the
nature of the polymer formed [4]. In addition, since they
have groups that can be protonated, pH plays a key role in
the polymer electrochemical behaviour [3]. Thus,
electropolymerization parameters such as the electrolyte,
pH, monomer concentration, polymerization period, and
scan rate are important for controlling the growth of the
polymer film; by adjusting these parameters, the desired
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polymer film with the best electrochemical detection re-
sults can be obtained [5].

In addition to redox polymers, nanomaterials, which
include carbon-based nanomaterials and metal/metal ox-
ide/semiconductor nanoparticles, have been featured in
many applications because they possess important me-
chanical, catalytic, and electrical features. Due to their
excellent properties such as high surface activity and area,
rapid electron transfer, and good biocompatibility, they
have received growing interest in the field of electrochem-
ical sensing [6]. Their properties can be easily altered by
introducing chemical or physical modifications.

In recent years, there have been studies based on
combining nanomaterials and polymers for the develop-
ment of (bio)sensors in order to improve the sensing
performance, normally in terms of selectivity and sensi-
tivity. This has included conjugated conducting poly-
mers which are not the subject of this review but rep-
resent an alternative strategy [7-9] and redox polymers
[3, 6, 10]. Nanomaterial-based electrochemical
(bio)sensors that include the formation of redox polymer
films by electropolymerization have been reported in the
literature [11-13]. Redox polymer/nanomaterial compos-
ites are good transducers for electrochemical sensors
since they show features such as easy synthesis, varied
morphology, large electroactive surface area, chemical
stability, and excellent redox properties [6].

The aim of this review is to discuss the latest devel-
opments in electrochemical sensors and biosensors
based on polyphenazine or polytriphenylmethane redox
polymers and nanomaterials and their applications in the
field of analytical chemistry, particularly since 2015,
when a previous review on such polymers together with
carbon nanotubes as electrode modifiers was published
[3]. Nanomaterials considered include carbon-based
nanomaterials, metal/metal oxide/semiconductor nano-
particles. The preparation and modification of these
composites will be explained in detail. Due to the syn-
ergistic effects between the nanomaterials and redox
polymers, the order of adding the components to form
the modified electrode is very important and influences
their performance characteristics [3]. Lastly, the analyt-
ical performance characteristics of these electrochemical
(bio)sensors will be presented.

The general fabrication steps for redox polymer/
nanomaterial-based electrochemical (bio)sensors are
shown in Fig. 1. The polymer forms of phenazine and
triphenylmethane dyes are designated as redox polymers
due to the chemical structure of the monomer and the
fact that the redox characteristics of the monomer con-
tinue after polymerization, which is very useful for
(bio)sensor applications because they have the ability
to change surface morphology and structure [14]. The
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phenazine/triphenylmethane dye monomers discussed in
this review are presented in Fig. 2.

Nanocomposites of redox polymer/carbon
materials

Nanocomposites based on redox polymers and carbon
nanomaterials, including carbon nanotubes (CNT) (usually
multiwalled carbon nanotubes (MWCNT)), graphene (GN),
carbon quantum dots (CQD), and boronic acid functionalized
carbon nanodots (B-CND), are promising as novel electrode
materials for electrochemical applications. When a combina-
tion of carbon nanomaterials and redox polymers is used, the
resulting nanocomposite provides many advantages due to its
morphological and electrochemical features [6, 10]. Many
studies have been reported in the literature [15-37].

Among carbon-based nanomaterials, CNT and GN are
both significant and interesting for modification of the surface
because they have advantageous and useful properties that
provide an enhanced electrochemical response and faster elec-
tron transfer kinetics [38]. In order to achieve a uniform dis-
persion of CNT, a chemical treatment with concentrated acid
is normally performed before their modification [39]. CNT is
often purified and functionalized (CNT) by treatment with a
mixture of the concentrated acids H,SO4 and HNO; [22, 26,
29], with concentrated HNO;s [16, 18-20, 23, 25, 34, 37], or
can be purchased purified or functionalized [15, 31, 32].

GN can be prepared from graphene oxide (GO) by high-
temperature treatment [ 17]. GO can be obtained from graphite
powder by the conventional [24, 27, 30] or modified Hummer
method [28, 35]. In another procedure for GO, a mixture of
concentrated H,SO, and H;PO, was added to a solution of
graphite flakes and KMnQOy, heated to 50 °C; after centrifuging
the filtrate, the precipitate was dried to obtain GO [36].

B-CNDs, which are carbon materials, have been prepared
by dissolving phenylboronic acid in H,O, adjusting the pH of
the mixture to 9.0 using NaOH, removing oxygen, heating to
160 °C, centrifuging, and drying the supernatant to obtain B-
CND [33]. For CQDs, citric acid was melted at 180 °C for
30 min and the formation of orange CQD was observed,
adjusting the pH to 7.0 with NaOH [21].

It is crucial to use a suitable solvent to obtain a good dis-
persion [10]. Some examples are given here. CNT, /~CNT, or
GN suspensions were prepared in chitosan (Chit) solution
[18-20, 23, 25, 34, 37], phosphate buffer (PB) [26], water
[17,24,31, 35, 36], or ethanol [32]. Another method of using
CNT was the preparation of a modified electrode by mixing a
known amount of CNT or f~CNT, graphite powder, and sili-
cone 0il [15, 22]. GO synthesized by the Hummer method was
dispersed in water, sonicated for 30 min and then centrifuged,
mixed with polyvinylpyrrolidone solution, and subsequently
heated to 50 °C for 12 h. To obtain a reduced graphene oxide
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Fig. 1 Schematic preparation of
redox polymer/nanomaterial-
based electrochemical sensors
and biosensors

(rGO) suspension, hydrazine and NH3 were added into the
dispersion, heated to 95 °C, centrifuged, and dried [30]. GO
was mixed with monomer in water and the homogeneous
solution was dropped on the electrode surface [27, 28]. B-
CND were dispersed in water, and the electrode was im-
mersed in this mixture to obtain B-CND-coated electrode
[33]. A mixture of CQD and monomer solution in NaOH
was used for potential cycling electropolymerization [21].

Polyphenazine or polytriphenylmethane/carbon
nanomaterial composites have been prepared on the electrode
surface in different ways:

(a) A dispersion of carbon nanomaterials in a suitable sol-
vent is dropped onto the electrode surface or the electrode
is dipped into the solution. The modified electrode is then
coated with polymer film by electropolymerization in the
presence of monomer [16-20, 23-26, 30, 31, 34-37]. A
typical electropolymerization profile for the formation of
PNR and PBCB on MWCNT in aqueous solution [40] is
presented in Fig. 3. An alternative strategy was used in
[24], in which graphene oxide is reduced at the same time
that methylene blue is oxidized. In another work,
graphene flakes (GNF) were drop cast on fluorine-
doped tin oxide (SnO,/F) coated glass and covered with
PMB by electropolymerization [41]. For a biosensor,
electropolymerization on a GN modified electrode sur-
face was performed in monomer plus enzyme solution
[28] by potential cycling.

(b) The bare electrode is placed in a monomer solution for
electrochemical polymerization by potential sweeping.
The polymer-modified electrode is drop-coated with a
suspension of nanomaterial [32], or is dipped in a ho-
mogenous suspension [33].

nanomaterials-monomer
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monomer
—_—or |

monomer-enzyme
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(c) Carbon paste electrodes bulk-modified with carbon
nanomaterial are placed in a monomer solution for
electropolymerization [15, 22].

(d) Electropolymerization is performed in a solution con-
taining both carbon nanomaterials and monomer solu-
tion [21].

(e) A solution with a mixture of carbon nanomaterials and
monomer is dropped on the electrode surface. Potential
cycling is used to form a carbon material-polymer-
modified electrode [27].

(f) Modifiers are prepared chemically and the electrode is
then coated. For example, carbon nanotube/polymer
nanowires were prepared by in situ oxidative polymeri-
zation; the resulting suspension was dispersed in ethanol
and used to coat the electrode surface [29].

Redox polymer/carbon nanotubes

After the discovery of carbon nanotubes in 1991 [42], they
became very promising as novel electrode materials for the
construction of (bio)sensors due to their unique physicochem-
ical properties, which differ from other carbon materials [43].
In recent years, the combination of redox polymers and CNT
has become of great interest in electrochemical applications.
The combined use of these materials leads to improving the
operational characteristics because CNT provide high electri-
cal conductivity and mechanical strength to the resulting
nanocomposite and there is usually a synergistic effect be-
tween polymer and CNT [3].

Recent reports of redox polymer/carbon nanotube—based
electrochemical sensors and biosensors are given in Table 1.

Sensors based on redox polymer PBG and conducting
polymer PEDOT-modified carbon film electrodes (CFE),
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Fig. 2 Chemical structures of phenazine/triphenylmethane dyes

CNT/PBG/CFE, CNT/PEDOT/CFE were reported by Barsan
et al. [19]. Glucose oxidase (GOXx), alcohol oxidase, and alco-
hol dehydrogenase were immobilized on the modified CFE.
The phenazine-based biosensor (CNT/PBG/CFE) exhibited
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the best sensing performance for the determination of both
glucose and ethanol compared with conducting polymer-
based biosensor (CNT/PEDOT/CFE) and other similar nano-
structured architectures described in the literature. Ganesh et al.
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Fig. 2 (continued)

[15] developed a sensor based on the electropolymerization of
BB on MWCNT/CPE. The sensor showed a well-defined elec-
trochemical response to dopamine (DA) in the presence of
ascorbic acid (AA) and uric acid (UA); analysis of DA was
successfully carried out with the PBB-based sensor in the pres-
ence of common interferent species. A novel amperometric
sensor was prepared by mixing a known amount of CNT,
graphite, and silicone oil [22]; a film of PBCP was then depos-
ited by electropolymerization. Combining PBCP and CNT sig-
nificantly enhances the electron transfer ability, as a result of
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-1t conjugated bonds, large active surface area, and high elec-
trical conductivity. Since the aromatic hydroxy group of tyra-
mine can form hydrogen bonds with the oxygen atom of the
BCP, the sensor showed an excellent electrocatalytic activity
towards substrate and was successfully used for the determina-
tion of tyramine in milk and blood serum. A H,O, sensor based
on PNR and haemoglobin was prepared by electrodeposition
on a CNT-modified electrode surface [26]; the formation of a
hybrid composite of redox polymer and haemoglobin was sig-
nificantly increased by CNT. The hybrid composite sensor
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Fig. 3 Electrochemical polymerization by potential cycling at 50 mV's ™'

between a -1.0 and +1.0 V for neutral red in 1 mM NR, 0.025 M KPB,
pH 5.5+0.1 M KNOg3; b -0.6 and +1.0 V for brilliant cresyl blue in
0.1 mM BCB, 0.1 M NaPB, pH 7.0+ 0.1 M KNO; at CNT-modified
GCE  Insets show polymerization at bare glassy carbon electrodes. From
[40], reprinted by permission of Springer

showed electrocatalytic activity towards H,O, with high sensi-
tivity and selectivity. Barsan et al. [25] proposed new electrode
platforms based on PMG and fCNT with two architectures,
PMG/f-CNT/GE and f~CNT/PMG/GE, for the sensing of acet-
aminophen and pyridoxine. The polymerization was better on
the /~CNT-modified electrode than on the bare electrode, and
the highest sensitivity for both species was obtained with PMG/
f-CNT/GE. This is due to the interaction of the carboxylate
groups of the CNT with the amino group and sulphur anion
of PMG.

PTB was used for the determination of caesium(III) [29],
nitrite [31], and DA [32]. Studies have shown that PTB is
successfully formed onto the surface of OH-MWCNT/PTB

@ Springer

nanowires [29], MWCNT/GCE [31], and MWCNT-COOH/
PTB/GCE [32].

PBCB, PBG, PMB, and PTH were synthesized by poten-
tial cycling electropolymerization in the deep eutectic solvent
ethaline (DES) on MWCNT-modified GCE [16, 18, 20, 23,
37]. The prepared nanostructured polymer films in ethaline-
acid solution showed better sensing performances, improved
morphological properties and behavioural diversity than those
prepared in aqueous solution. In [16], the changes that occur
in the morphology of the nanostructured polymer films elec-
trodeposited in ethaline in the presence of acids as anion
source were investigated by scanning electron microsco-
py (SEM) (see Fig. 4). MWCNT are uniformly embed-
ded in the chitosan matrix, and show that it is suitable
as platform for the polymerization of redox polymer due
to its highly porous and regular surface morphology.
The morphology of the PBCB,q, in Fig. 4b shows thin
film formation on the MWCNT surface and this caused
only minor changes in the size of the MWCNT. In Fig.
4b—f, the use of ethaline DES in the presence of HNO;
for BCB electropolymerization shows more uniform and
smoother film than the other nanocomposite films. In
[37], the sensor prepared by the polymerization of TH
on MWCNT/GCE in ethaline DES was used for sensing
of AA and biosensing of UA. It was shown that the
proposed sensor is a promising approach for the analy-
sis of AA and UA in real samples, with better analytical
performance than in the literature.

A new inhibition biosensor based on choline oxidase
immobilized on PBCBprs-HNO3/MWCNT/GCE for the de-
tection of dichlorvos pesticide was developed by da Silva et al.
[18]. The biosensor detection limit was 1.6 nM and it showed
superior analytical parameters to other inhibition biosensors
for dichlorvos reported in the literature. This study showed
clearly that the morphology of the polymer depends on both
the polymerization solution composition and
electropolymerization mode (potentiodynamic or
potentiostatic). In another work, an enzyme inhibition biosen-
sor was constructed by immobilizing GOx on PBG films
formed in ethaline-acid solution on MWCNT/GCE [20]. The
new biosensor was successfully applied to the monitoring of
heavy metal ion species, with a nanomolar detection limit.

An analysis of Table 1 shows that the main applications of
these sensors and biosensors in the last 5 years have been to
pharmaceutical and clinical analytes with only a minority of
applications to foods and beverages and contaminants in en-
vironmental samples.

Redox polymer/graphene
Graphene is a two-dimensional (2D) sheet of carbon mono-

layers with some attractive properties [44]. In relation to other
carbon-based nanomaterials, graphene (GN) has a larger
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Ref.

Application
-1

LOD,/uM Linear range / ptM Sensitivity /
HA cm 2 uM

Medium

Technique and
peak/detection
potential

Modified electrode

Analyte

Table 1 (continued)

Monomer

@ Springer

51

Clinical test samples

15

177107 4.4x10°-8.0

pH 7.2 PB

DPV 0.15 V (Ag/AgCl)

PMB-PVAc-Cu-

Creatinine

Methylene blue

CNF/ACF

*Electrode area not stated

PBB, poly(brilliant blue); PBCB, poly(brilliant cresyl blue); PBG, poly(brilliant green); PBCG, poly(bromocresol green); PBCP, poly(bromocresol purple); PMB, poly(methylene blue); PMG,

poly(methylene green); PNR, poly(neutral red); PNB, poly(Nile blue); PTB, poly(toluidine blue); 7B, toluidine blue; PTH, poly(thionine); PNMTh, poly(N-methylthionine); PMO, poly(methyl orange);

PVAc, polyvinyl acetate; DES, deep eutectic solvent; SDS, sodium dodecyl sulphate; MWCNT, multiwall carbon nanotubes; CPE, carbon paste electrode; GCE, glassy carbon electrode; GN, graphene;

ChOx, choline oxidase; GOx, glucose oxidase; CNT, carbon nanotubes; CFE, carbon film electrode; ADH, alcohol dehydrogenase; AOx, alcohol oxidase; COD, carbon quantum dots; MCPE, modified
carbon paste electrode; 7GO, reduced graphene oxide; Hb, haemoglobin; /70, indium tin oxide; HRP, horseradish peroxidase; B-CND, boronic acid functionalized carbon nanodots; BMCP, Cu/Ni bimetal-

dispersed carbon nanofiber; CNF, carbon nanofiber; ACF, activated carbon microfibers

specific surface area, which allows the interaction of biomol-
ecules with the surface. Graphene-based composite films have
broad interest in the areas of electrochemistry application
since they provide high thermal and electrical conductivity,
excellent electron transferability, and strong mechanical
strength [45]. The incorporation of redox polymers in the con-
struction of GN-based sensors can improve properties such as
redox activity, chemical stability, and biocompatibility [46].
In comparison with other carbon materials, GN can be a better
support for polymerization due to its chemical structure [47].

GN-modified PBCB/GCE was developed for the analysis of
epinephrine (EP) in the presence of the common interferents
AA and UA in pharmaceutical formulations by Ding et al. [17].
Owing to the improved adsorption of EP at the GN-modified
PBCB/GCE, the combined use of BCB and graphene exhibited
excellent electrocatalytic activity towards EP oxidation.

A poly(Nile blue)-GN composite was synthesized by a
one-step electrochemical method: after drop casting a mixture
of NB and GN and drying, potential cycling was used to form
PNB-GN [27]. GOx was immobilized on the surface of PNB-
GN/GCE and then used for the sensing of glucose in serum
samples. The biosensor had a satisfactory sensitivity to glu-
cose due to the high surface area and conductivity of the PNB-
GN nanocomposite. The authors reported that the nanocom-
posite could be a promising full-cell catalyst.

rGO is a good alternative to GN, because rGO demon-
strates the properties of graphene and can be much easier to
produce [36]. Gorle et al. [24] developed a dopamine-grafted
rGO/PMB composite film for the detection of DA in the pres-
ence of AA and UA. It was shown that the developed nano-
composite acts as a catalytic platform. In another work, a
hydroquinone (HQ) sensor based on PNMTh and rGO was
synthesized by a two-step method, electrochemical reduction
of drop-cast GO, followed by polymerization of NMTh in a
strong acid medium [36]. The modified sensor was able to
catalyze the redox reaction of HQ and showed an electro-
chemical response to HQ, with high sensitivity.

Biosensors based on horseradish peroxidase (HRP) are GCE
modified with PTB-HRP/Toluidine Blue-GN [28], PTB-HRP-
GOx/rGO [30], HRP/PTH/AGO [35]. A HRP inhibition biosen-
sor based on electrodeposition of a PTH film over an rGO layer
was developed. The biosensor was also used for monitoring
chromium(VI) with a high sensitivity of 98.79 pA cm > pM
and a nanomolar detection limit of 20 nM [35]. Thionine is
easily adsorbed on GO through 7t-7t stacking interactions. The
composite acts as an electron mediator to facilitate electron
transfer between the enzyme and the modified electrode surface.
In addition, the PTB-HRP-GOx/rGO bienzyme biosensor
showed a strong affinity to glucose and H,O, [30]. Due to
GN’s unique electronic characteristics and with PTB as a redox
mediator, the modified electrode was able to catalyze the oxida-
tion of these substrates at a low potential, thus preventing po-
tential interferences.
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Fig. 4 SEM images of a
MWCNT/GCE; b PBCBag,/
MWCNT/GCE; ¢ PBCBggajine-
HNO3;/MWCNT/GCE; d
PBCBEthaline H2SSO4/MWCNT/
GCE, [ PBCBElha]ine-HCI/
MWCNT/GCE; f PBCBEghaline-
HCIO/MWCNT/GCE. From
[16], reprinted by permission of
Elsevier

In general, there are two ways for the detection of glucose
in a nanomaterial/redox polymer bienzymatic biosensor to
occur, as shown in the scheme in Fig. 5. One is based on the
determination of H,O, generated in the presence of O, during
the enzymatic reaction (Fig. 5a). In Fig. 5b, the redox polymer
(here PBCB) acts as a mediator to facilitate electron transfer
between GOx and the modified electrode in the absence of O,.

A nanocomposite film with PMB formed by
electropolymerization on graphene nanoflakes (GNF) depos-
ited on fluorine-doped tin oxide coated glass was used for the
determination of metformin in urine and serum [41]; the suc-
cess of the developed sensor was attributed to the electrical
properties of GNF and stable electron transfer of PMB.

Redox polymer/other carbon nanomaterials

Other carbon nanomaterials include carbon nanodots (CND)
[48], carbon quantum dots (CQD), carbon nanoparticles
(CNP), and carbon nanofibers. After the discovery of CNP by
lijima [42], the field of CNP research area has grown rapidly.
CND can be obtained by purification of carbon nanotubes
through electrophoresis [49] and they have attracted increasing
interest due to their strong fluorescence [48]. CND/CQD are
very useful and show advantages as part of sensor platforms,
because of their low cost, easy solubility and preparation, high
conductivity, biocompatibility, good photoluminescence prop-
erties, and efficient catalytic activity [33].

@ Springer
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Fig. 5 GOx biosensor

mechanism a in a bienzymatic

configuration, when detection is

based on the detection of peroxide

formed in the first GOx enzymatic a
reaction and b based on the direct

regeneration of FAD at

polyphenazine mediator. From

[3], reprinted by permission of

Elsevier

electrode

electrode

A novel PBCG/CQD nanocomposite film—modified GCE
was prepared by electropolymerization [21]. GCE, CQD/
GCE, PBCG/GCE, and PBCG/CQD/GCE were compared
for the simultaneous determination of guanine and adenine
by differential pulse voltammetry (DPV). Due to the synergis-
tic effect of PBCG and CQD, the anodic peak currents of
guanine and adenine at PBCG/CQD/GCE have much better-
defined oxidation peaks than at all the other electrode
platforms.

Lietal. [33] developed an enhanced modification procedure
for B-CND and PTH on GCE for the electrochemical sensing
of NADH. The B-CND/PTH/GCE sensor exhibited a response
to NADH with high sensitivity and selectivity due to the func-
tional boronic acid groups’ interaction with the cis-diol of
NADH. Bairagi et al. [S0] proposed a new electrode platform
based on a Cu/Ni bimetal-dispersed carbon nanofiber/PMO
nanocomposite for the determination of cholesterol in blood.
The sensor showed excellent analytical performance, with high
sensitivity, a wide linear working range, and a lower detection
limit compared to reported cholesterol enzymatic biosensors
and without the issues of enzyme stability.

In another study, PMB nanofilm was electrochemically
grown on the surface of Cu-CNP/ACF [51], and was used
for the sensing of creatinine biomarker. Due to the configura-
tion properties and the synergistic contribution of the
polymer-metal-carbon nanofiber nanocomposites, the modi-
fied electrode showed an excellent electrochemical response
to creatinine over a wide concentration range.

Nanocomposites of redox polymer/metal,
metal oxide nanoparticles

Metal/metal oxide and semiconductor nanoparticles (NP)
have found application in the preparation of electrochemical

@ Springer
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sensing platforms with redox polymers, due to the favourable
properties of polymer films grown on NP [12, 41, 52-68].
Recently reported redox polymer/metal or metal oxide
nanoparticle—based sensors and biosensors are shown in
Table 2.

The synthesis of NP in a size- or shape-selected and con-
trolled manner is essential for NP to improve the (bio)sensing
performance [55, 69]. Most AuNP are synthesized by reaction
in aqueous HAuCl, solution and then used as modifiers, as in
[56], in which a PBCB polymer—modified electrode was im-
mersed in AuNP solution for 6 h at 4 °C to decorate the
polymer with AuNP. The synthesis of AuNP was carried out
in HAuCl, solution containing 0.5 M H,SO,4 or 0.1 M KNO;
as supporting electrolyte at a constant applied potential [58] or
by potential cycling (implemented as cyclic voltammetry
(CV)) [62]. In another procedure, AuNP were formed by
treating hot HAuCl, with sodium citrate reducing agent [57,
63]. Mixing thionine monomer with HAuCl, solution led to
the formation of AuNP-polymer nanowires, in which HAuCl,
acted as oxidizing agent for TH polymerization and was itself
reduced [60].

Synthesis of PtNP was performed in H,PtCls containing
0.01 M KCI as supporting electrolyte at a constant applied
potential [55]. PtNP-nitrogen-doped graphene (NGE) was
prepared by dissolving nitrogen-doped graphene in H,PtClg
aqueous solution, adding AA and HCI, centrifuging, and dry-
ing the supernatant. PENP-NGE and TH were mixed in N,N-
dimethylformamide (DMF), sonicated for 4 h, and then cen-
trifuged. The precipitate was dispersed in water and was
dropped onto the electrode surface [61]. To obtain copper or
nickel metal polymer—modified electrode, the polymer-
modified electrode was immersed in copper nitrate [53] or
nickel nitrate [54] solution.

Regarding metal oxide NP, and in order to obtain a uniform
and stable suspension of NP, Fe,O3;NP [12, 52, 66, 67] and
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CuONP [68] were dispersed in Chit solution and the modified
electrode was prepared from a homogeneous suspension.
Nickel (I) nitrate was dissolved in isopropanol-polyethylene
glycol mixture to obtain NiONP after heating and chemical
treatment. Then, a known amount of NiONP, graphite pow-
der, and silicone oil were mixed to construct a modified car-
bon paste electrode [59].

Some sensors based on the combined use of carbon
nanomaterials and metal/metal oxide NP have been developed
[11, 13,61, 70-78]. In[70, 72, 77], GO was synthesized follow-
ing the modified Hummer method. rGO/AgNP were deposited
on a PBB polymer-coated electrode [70] or, using the inverse
order of coating, by electropolymerization of NR on a rGO/
AuNP-modified GCE [77]. In [72], an aqueous dispersion of
GO, AgNP, and MB monomer was prepared. GO/MB/AgNP
paper was obtained by vacuum filtration of this mixture through
amembrane. After separating from the membrane, and reduction
to rGO by HI solution, rtGO/PMB/AgNP paper was produced by
surface-confined electropolymerization.

MWCNT and NP nanocomposites were used for the modi-
fication of different electrode surfaces. MWCNT suspension,
prepared in a DMF:water mixture, was coated onto the elec-
trode surface [11, 74, 76]. Polymerization was done by poten-
tial sweeping, to form PMB, and then HAuCl, was reduced in
0.5 M H,S0Oy, acid solution at constant applied potential to form
AuNP, the final architecture being AUNP/PMB//-MWCNT/GE
[11]. In[74, 76], a stable dispersion of AuNP was dropped onto
an MWCNT-modified electrode to obtain AUNP/MWCNT/
SPCE; PNR film was then formed by electropolymerization
of NR on the AuNP/MWCNT surface. In another work,
MWCNT aqueous dispersion was dropped onto the electrode
surface, and then PTH was formed on the modified electrode
surface by electrochemical polymerization. After
electropolymerization, potentiostatic deposition was used to
form PtNP on the MWCNT/PTH/GCE [13]. In a different ap-
proach, an MWCNT dispersion in ethanol was mixed with
AgNP, and then this solution was drop cast on a PAMAM-
coated electrode surface [75]. In [69, 71], the electrode surface
was modified by electrodeposition of Au-MWCNT. Ni**/PNR

Fig. 6 The fabrication steps of
NP/polymer and polymer/NP-
modified glassy carbon electrodes

hybrid nanocomposites (HN) were synthesized by a reverse
microemulsion method [78]. A known amount of Ni** @PNR
HN was mixed with MWCNT/Nafion solution and the homo-
geneous suspension was dropped on the GCE.

In summary, sensors based on redox polymer plus NP-
modified electrodes can be prepared with different architec-
tures, and thence different analytical properties, following
methods that are similar to those employed with carbon
nanomaterials.

(a) A dispersion of NP in a suitable solvent is first dropped
onto the electrode surface. The modified electrode is
coated with a polymer film by electropolymerization in
monomer solution (Fig. 6) [12, 52, 57, 66—68]. Typical
cyclic voltammograms for electropolymerization of re-
dox polymer onto a nanoparticle modified electrode are
given in Fig. 7; this demonstrates clearly the fast electron
transfer that can occur within the polymer film prepared
in ethaline DES if nanomaterials, in this case, iron oxide
NP, modified electrodes are used for polymer film
growth. For biosensors, a NP-modified electrode is im-
mersed in monomer solution and enzyme solution [62] or
monomer solution [64] for electrochemical polymeriza-
tion by potential sweeping.

(b) The polymer/NP is obtained by dipping the polymer-
coated electrode into the NP suspension or drop casting
(Fig. 6), e.g. AuNP/PBCB/GCE [56].

(¢) Bulk-modified carbon paste electrodes are placed in an
aqueous solution containing a monomer solution for
electropolymerization, e.g. with NiONP [59].

(d) A bare electrode is placed in a monomer solution for
electropolymerization together with the NP precursor.
As one example, a polymer-PtNP or polymer-AuNP
modification layer is obtained by reductive electrodepo-
sition in the presence of chloroplatinic acid (PAA-PtNP)
[55] or chloroauric acid (PMB-AuNP) [58], respectively.

(¢) Monomer solution is dropped onto the bare electrode and
a polymer film is then grown in buffer solution by po-
tential cycling [53, 54]. The prepared polymer-modified

: redox = =
GCE polymer GCE
NP/polymer/GCE
NP
GCE GCE
polymer/NP/GCE
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Fig. 7 Potential cycling electropolymerization on Fe,O5/GCE in ethaline DES / 1.0 M H,SOy, scan rate 50 mV s ' of a 1 mM NR to form PNRggafine
and b 1 mM MG to form PMGgpjine- Adapted from [66], reprinted by permission of Elsevier

electrode is immersed in a solution containing copper or
nickel metal ions, which leads to the formation of metal
NP on the surface.

(f) A mixture of polymer and NP is dropped on the electrode
surface and dried at room temperature [60]. In another
example, a redox polymer/NP nanocomposite is prepared
by one-step synthesis in solution: a precipitate of PTH/
AuNP formed in this way is dispersed in DMF and
dropped onto the electrode surface [63, 65].

Redox polymer with metal or metal oxide
nanoparticles for sensing

The construction of new electrochemical (bio)sensors that in-
clude NP components has attracted considerable attention. NP
with different morphologies show various kinds of electrical,
optical, and catalytic properties due to their particle size, long-
term stability, and high surface-to-volume ratio. NP often act
as electrocatalysts because of their nanostructure and size
[79]. The combined use of redox polymers and NP provides
a synergistic interaction and allows the formed nanocomposite
film to have the properties of each category of materials [80].

Examples of sensors based on AuNP are HRP/AuNP/
PBCB/GCE [56], PCB/AuNP/GE [57], AuNP/PMB/PGE
[58], MIP/Au-PTH/pABSA/GCE [60], HRP/PTH-MIP/
MPBA/AuNP/GCE [62], PTH/AuNP/GCE [63], MIP/PTH/
AuNP@ZIF-67/GCE [64], and PTH/AuNP/GCE [65]. The
amine group of the redox polymer interacts with AuNP due
to the cooperative electrostatic interaction between amines
and AuNP. The construction of various redox polymer/
AuNP formed on different electrode surfaces has been char-
acterized by SEM. In [56, 58], differences in the SEM images
of'the polymer on AuNP-modified electrodes are large, but the
AuNP are size-uniform in each case and highly dispersed on
the polymer film surface, which is demonstrated in all studies
involving examination by SEM.

@ Springer

Amperometric hydrogen peroxide sensors were developed
based on AuNP and redox polymers [56, 57, 62]. It was found
that the PTH-MIP/MPBA/AuNP/GCE show a low detection
limit compared to other H,O, (bio)sensors [56, 57], due to the
specific interactions between boronate affinity—based MIP
film and HRP [62].

Electrochemical (bio)sensors based on AuNP-PTH showed
a strong affinity to the target analyte, due to PTH acting as an
electroactive probe and an electron transfer mediator [60,
63—65]. A sensor based on the interaction between PTH and
AuNP was constructed for the detection of epinephrine (EP)
[63] and DA [65] with high sensitivity. In other studies, dual-
signal electrochemical sensors were developed using AuNP/
PTH and MIP composites for bisphenol A [60] or tyrosine
[64].

PtNP are less used than AuNP in sensor applications but
are nevertheless important, especially for the monitoring of
H,0,. They allow reducing the working potential for the elec-
trocatalytic reduction/oxidation of H,O, to minimize the ef-
fects of interferences [81]. Jiménez-Pérez et al. [55] developed
a PtNP-modified PAA/SPCE for the sensitive determination
of H,O,. The non-enzymatic sensor showed a significant elec-
trocatalytic effect towards H,O, oxidation with a detection
limit of 52 nM, better than other reports in the literature.

There are polymer nanocomposite films reported that are
formed with different metal ions by adsorption. A novel HO,
sensor was prepared by adsorption of Cu on PAA-Chit/GCE
[53]. A Fenton type reaction between Cu®* and H,0, leads to
the formation of hydroxyl radicals that oxidize PAA and cause
a change in the reduction current of the polymer dye at the
potential applied. PAA-Ni/GCE was developed by bonding
nickel hydroxide/nickel oxide with PAA [54]; due to the
Ni(II)/Ni(IIT) couple, the modified electrode exhibited well-
defined redox peaks and an excellent electrocatalytic activity
towards glucose oxidation.

Electrochemical sensors based on metal oxide NP were the
modified electrodes AChE/PNR hatine-HNO3/Fe,03/GCE
[12], PBCB/Fe,03/GCE, PNB/Fe,05/GCE [52], and PSF/
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Fig. 8 Scheme of the preparation procedure of rGO/poly(MB)/AgNP
composite paper for NADH determination. From [72], reprinted by
permission of Wiley

nano NiO/CPE [59]. A novel biosensor was prepared by PNR
synthesized by electropolymerization on Fe,Os-modified
GCE in ethaline DES [12]. Acetylcholinesterase (AChE)
was immobilized on the PNR ya1ine-HNO3/Fe,O3/GCE for
the detection of acetylcholine in synthetic urine. The PNR
nanostructured films in ethaline-HNO; had a low detection
limit of 1.04 uM, better than reported in the literature. In
[52], PBCB and PNB were formed on Fe,O3/GCE by poten-
tial cycling electropolymerization, and were used for the sens-
ing of EP in adrenaline samples. PBCB/Fe,O3/GCE exhibited

better sensitivity and selectivity to EP than PNB/Fe,O3/GCE
configurations because the modified electrode allowed better
access of analyte to the polymer. In another study, NiO/CPE
was constructed by mixing graphite powder, silicone oil, and
the synthesized NiONP [59]. The modified carbon paste elec-
trode was coated with PSF film by electropolymerization of
safranine to obtain PSF/NiO/CPE. The sensor could be ap-
plied to determine rutin in tea samples without interference
effects. The performance parameters of the sensor for rutin
were better than in the literature. This is probably due to the
polymerization occurring at the electrode surface modified
with homogeneously dispersed NiO that supplied high surface
activity and area.

Redox polymer/metal, metal oxide nanoparticles with
carbon nanomaterials

The combination of metal or metal oxide nanoparticles togeth-
er with carbon nanomaterials has been shown to enhance
electrocatalysis and sensitivity of sensors [82]: the prepared
nanocomposites have the properties of each material category.
Modified electrode sensors using the combination of metal/
metal oxide NP and carbon nanomaterials as well as redox
polymer have been reported in the literature [11, 13, 61,
70-74, 76, 77].

Gholivand et al. [11] described a new electrochemical sen-
sor based on AuNP/PMB/~MWCNT/GCE for the detection
ofnevirapine (NVN) as an anti-HIV drug, by differential pulse
anodic stripping voltammetry. The modified electrode showed
strong electrocatalytic activity towards NVN, at low working
potentials, thus avoiding the interference effect of common
electroactive species. Bollella et al. [71] reported the first me-
diated microneedle-based biosensor for the continuous moni-
toring of lactase in the dermal interstitial fluid. The biosensor
was prepared by immobilizing lactate oxidase (LOx) on a
PMB/Au-MWCNT film coated with Au microneedles.
Practical application of the biosensor was successfully dem-
onstrated in body fluids. The same authors also developed the
first mediated microneedle-based biosensor array for the con-
tinuous and simultaneous sensing of lactate and glucose in
body fluid [73]. Sensors were prepared by immobilizing glu-
tamate dehydrogenase or LOx on the PMB/Au-MWCNT/Au
microneedles. The authors proposed that the new biosensors
could be used as a wearable device for the continuous moni-
toring of glucose and/or lactate.

In another work, amperometric sensors based on the use of
PNR with AuNP and MWCNT were fabricated [74, 76].
Alcohol oxidase (AOx) and alcohol dehydrogenase (ADH)
were immobilized on PNR/AuNP/MWCNT/SPCE for the
analysis of ethanol, methanol, and their different mixtures.
An ADH-based biosensor for ethanol and an AOx-based bio-
sensor for methanol showed the best responses [76]. The
NADH sensor was obtained by the modification of SPCE by

@ Springer



178  Page 16 of 20

Microchim Acta (2021) 188:178

Fig. 9 Summary of use of
different polyphenazine and
polytriphenylmethane redox
polymers in electrochemical 23%
sensors and biosensors with

nanomaterials since 2015

Thionine

Toluidine blue
9%

4%

MWCNT and then with AuNP and PMB [74]. A novel glu-
cose amperometric biosensor based on rGO-AuNP/PNR
nanocomposite was reported [77]; the modified electrode
demonstrated good stability for 2 weeks. The authors also
proposed that rGO-AuNP/PNR/GOx/GCE could be used in
biofuel cell applications.

An electrochemical sensor based on the synthesis of a
nanocomposite film of ~CNT, PTH, and PtNP was developed
[13]. Due to the synergistic effect among /~CNT (superior
electrical conductivity), PTH (excellent electron transfer me-
diator), and PtNP (good electrocatalytic performance), the
three-dimensional nanocomposite sensor was successfully ap-
plied to the simultaneous determination of myricetin and rutin.
Devi et al. [75] proposed a novel electrode platform based on
PAMAM/AgNP/MWCNT/PNR for the sensing of paraceta-
mol that had a detection limit of 0.053 uM. Due to the use of
PAMAM 3-D dendrimer, stable immobilization of AgNP/
MWCNT nanocomposite on the electrode surface was
achieved. Huang et al. [61] developed a sensor platform of
PtNP, nitrogen-doped graphene, MIP, and PTH on GCE for
the electrochemical detection of patulin in juice samples; it
showed a wide linear range (0.013—13 nM), and low detection
limit (0.0065 nM).

In [72], see Fig. 8, a new highly flexible NADH ampero-
metric sensor based on rGO/PMB/AgNP composite paper
was developed, with a low detection limit and a wide linear
working range for the determination of NADH. This is attrib-
uted to the electrostatic interactions between the negative
charge of NADH and the positive charge of the PMB. A novel
electrochemical sensor involving depositing rGO/AgNP on a
PBB polymer-coated electrode was developed by El-Zahry
[70]. The prepared sensor was successfully used for the
ultra-trace level determination of rosuvastatin in human
plasma.

Ran et al. [83] constructed an electrochemical sensor based
on the combination of Fe;04 and MWCNT drop cast on
PBCG/GCE for the analysis of serotonin in human blood se-
rum. The Fe;0,-MWCNT-PBCG nanocomposite had a good
electrocatalytic effect on serotonin oxidation with a low
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detection limit, high selectivity, and sensitivity compared to
other reported serotonin sensors. This was ascribed to
MWCNT creating many active sites for catalyzing the oxida-
tion of serotonin.

Chang et al. [78] prepared a new hybrid nanocomposite
with Ni**-doped PNR film. The GCE/Ni** @PNR HN/
MWCNT/Nafion-modified electrode for the analysis of glu-
cose was fabricated based on electrostatic interactions be-
tween Ni**@PNR HN and MWCNT. The sensor showed a
strong electrocatalytic effect on the oxidation of glucose due
to the synergistic effects between the modifier components.

As is the case for redox polymers with carbon nanomaterials,
examination of Table 2 shows that the main applications of these
sensors and biosensors in the last 5 years have been to pharma-
ceutical and clinical analytes with a just a third of the articles
directed towards analysis of components in foods and beverages
and to contaminants in environmental samples.

Conclusions, challenges, and perspectives

The synthesis, preparation, and application of polyphenazine
and polytriphenylmethane redox polymers, together with
nanomaterials, for the preparation of and application in elec-
trochemical sensors have been reviewed. Figure 9 gives a
breakdown of how much each of the polymers reported has
been employed in sensors and biosensors. It is interesting that
more than half of the reports employ poly(neutral red),
poly(methylene blue), or polythionine, with poly(toluidine
blue) and poly(brilliant cresyl blue) following with 9% each.
In all of these reports, the combined use of redox polymers
with favourable catalytic ability and nanomaterials with
unique electrical, mechanical, and catalytic properties allow
the construction of more sensitive and selective (bio)sensors
due to synergistic effects.

Many of the studies in this review demonstrate better
(bio)sensing performance, together with improved morpho-
logical and electrochemical properties than occurs with the
use of just nanomaterials for sensors, reported in the literature.
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Current data show that redox polymers play an important role
in the development of nanomaterial-based electrochemical
(bio)sensors.

Redox polymers can be effective for incorporating the
nanomaterial on the electrode surface and increasing the ac-
tive surface area on electrode modification because of their
highly porous structure. This can contribute to the improve-
ment of the performance characteristics of the electrochemical
Sensors.

Polyphenazine and polytriphenylmethane redox polymers
can also exhibit an electrocatalytic effect, permitting the de-
tection of analytes by oxidation at less positive potentials, in
this way reducing possible interference effects by common
electroactive species. Also, the order of adding the compo-
nents, polymer or nanomaterial, to construct the modified
electrode can be important since it can influence the final
morphology and access of the analyte to the modified elec-
trode surface.

There are a number of challenges to be overcome for sens-
ing applications of redox polymer/nanomaterial film—
modified electrodes to be used more widely. Most important-
ly, the synthesis and purification steps of nanomaterial can be
challenging and time-consuming and need to become faster
and more efficient. Second is the preparation of redox
polymer/nanocomposite film with a uniform distribution of
nanomaterials which influences interaction effects in the poly-
mer nanocomposite. Therefore, new strategies are needed to
design and prepare simple and cost-effective nanocomposite
films based on carbon nanomaterials and metal/metal oxide
nanoparticles, whilst retaining the high reproducibility and
repeatability.

It is also necessary to further evaluate alternative
electropolymerization media in order to achieve more highly
stable and sensitive electrochemical sensors, with lower limits
of detection. At the same time, the toxicological effects on
environmental and living systems, of all the sensor platform
components and reagents used in their preparation, should not
be forgotten. Due to the increasing demands for low toxicity,
eco-friendly, and biocompatible solvents, green designer sol-
vents such as DES have a growing interest in the preparation
of electrochemical sensors. Synthesis of polymer films in
DES, rather than in aqueous solution, has led to sensors with
better analytical performances ascribed principally to im-
proved morphological properties [15]. The use of DES media
with acid dopant for the polymerization supplies good con-
ductivity, with maximized strong hydrogen bonding interac-
tions between donor and acceptor in binary mixtures. There is
a wide range of H-bond donors that can be used with H-bond
acceptors, such as choline chloride, giving rise to polymer
films with even better properties [84, 85]. There is a very large
number of DES that can be evaluated for this purpose and
much research can be done in exploring these avenues.

Owing to synergistic effects between the nanomaterials and
redox polymers, it is clear that carbon nanomaterials and
metal/metal oxide nanoparticles will continue to be an impor-
tant part of the next-generation development of sensors and
biosensors. The advantage of combined redox polymer and
nanomaterial nanocomposite will depend on the differences in
electrical, mechanical, and catalytic properties of both mate-
rials and their interactions with each other.

Further studies are required to clarify the mechanism of
redox polymer mediation. In addition to the traditional single
polymer systems, more than one polymer combined with
nanomaterials will pave the way for a new approach in future
sensor technology.

In summary, and as emphasized in this review, it is clear
that redox polymer/nanomaterial-based electrochemical sen-
sors show much promise for future applications. It is seen that
polyphenazine or polytriphenylmethane redox polymers com-
bined with nanomaterials have considerable potential in the
development of electrochemical (bio)sensors for the determi-
nation of common analytes with enhanced performance for
two principal reasons. First, electrocatalysis by reducing the
applied potential needed for the oxidation or reduction of the
electroactive species to occur. Secondly, a higher current re-
sponse due to the increased accessible modified electrode sur-
face area, that leads to higher sensitivity and usually to lower
detection limits. Applications range from detection of impor-
tant components of or contaminants in food and beverages, to
health and the environment. The on-going research in this area
is expected to contribute to the design of more sophisticated,
but simple to prepare, electrochemical sensors and biosensors
in the near future.
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