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Sensor applications have captivated numerous scientists in the electroactivity field lately. Between toxic
target analytes and biomolecules, many articles investigated the function of the obtained products in
sensing utilization and the ability of applying the gained sensor in real sample tests. Safranine and
luminol have a unique polymeric constructor combined with different nanomaterials and have been
explored as sensors for different analytes through electrochemical and chemical techniques. This work

presents the first review of poly(safranine) and poly(luminol) in sensor applications toward assorted
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Accepted 14th March 2023 analytes. An illustration for the two main types of oxidative polymerization synthetic methods for our
targeted compounds has been displayed including chemical and electrochemical techniques.

DOI: 10.1039/d3ra00532a Furthermore, a comprehensive summary for their impressive impact as electrochemical sensors in the
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last few decades has been additionally introduced.

1. Introduction

Aromatic amines and diamines such as benzidine, phenyl-
enediamines, naphthidine, diaminopyridines, and their deriv-
atives represent a motivating class that lured attention in the
research field of oxidative polymerization of conducting poly-
mers." Luminol, safranine dyes, phenosafranine, and safranine
(Safranine T, Basic Red 2) are renowned derivatives with
numerous uses in sundry electro-applications.”> Due to their
enormous conjugated T-system, its investigated polymers are
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structurally expected to have substantial conductivities and
high thermal and mechanical stability.*»* These captivating
characteristics make organic redox-active substances excellent
applicants for variable utilization, from biomedical engi-
neering, sensors, organic light-emitting diodes, and energy
storage devices to electrochromic devices.?

Bearing in mind that polymers have a prominent place in
every industrial corner of our everyday lives due to their elastic
properties, exploring the polymer activity of the organic struc-
ture of many compounds in several fields has drawn scientists’
attention. By virtue of the need for an inclusive overview of such
polymers, both safranine and luminol polymeric moieties
systems have infrequently been explored.®” Over and above, the
distinguishing chemical characteristics of their polymers are
essential to understand since these characteristics of the
designated polymers have multiple applications and potentials,
from electro and biosensors to biomedicine.

Given that its primary application was in crime scenes,
luminol [Fig. 1] and its derivatives were confronted with various
applications in analytical chemistry and biotechnology fields as
efficient electrochemiluminescence conducting polymers.®®
Inevitably, new designs of polymers backbone regarding the
amendments of luminol structure have appeared in recent years
in order to attune the electrochemiluminescence efficiency,
sensitivity, and quantum yield.'® Recently, the uses of luminol
and its small molecule derivatives have been widely employed to
develop sensing properties toward materials as both electro-
chemical and biosensors.”*”-¢*

Over the past few years, water-soluble dyes, such as carmine,
methylene dye derivatives, and other dyes, have been broadly
employed in catalyzing oxidation or reducing organic molecules
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Fig. 1 Chemical structure of safranine (A) and luminol (B).

as mediators.""** Safranine [Fig. 1] is a red-colored water-
soluble phenazine-type dye with an extensive heterocyclic
conjugated system in addition to an electron donor-NH,. It has
been applied extensively in several researches comprising
pharmaceutical industries applications as well as textiles,
cosmetics, sensors, and many others. However, safranine
polymer has yet to be discovered in electrochemical studies.**

While we establish no allegation that the list of reported
examples in this review is complete, the selection articles within
this review were chosen to display how infrequent the utiliza-
tion of both poly(safranine and luminol) and their composites
in electrochemical/biosensors scope in the current research
domain in spite of the low detection limits resulted of these
moieties in the published articles which expand the opportu-
nities window to explore more target materials with different
form of composites. At the outset, we will address the main
reported oxidative polymerization methods, embracing elec-
trochemical and chemical approaches in a polymeric backbone.
Following this, we will explore the published studies of the
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mentioned units exploited in electro and biosensors. At long
last, perspective on future research towards different applica-
tions and possibilities studies will be provided of luminol and
safranine-based polymer derivatives.

2. Oxidative polymerization
techniques

2.1. Electrochemical method

With the continuous demands to evolve susceptible sensors to
sustain the current progression in electrochemical technology for
electrocatalysis and detection, many researchers have explored
this matter. One of the possible methods for attending to these
desires is using electroactive conducting polymer films to
manufacture the accompanying devices."*'® Because of its
reproducibility and simplicity, electrochemical polymerization is

Reference electrode -«—— {

S+

L »

working electrode

Counter electrode

Fig. 2 Electrochemical cell-three electrodes system-of electro-
polymerization approach.
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a conventional technique generally utilized for synthesizing
electroactive conducting polymer films."” In the usual procedure,
potentiostatic, potential step, galvanostatic, or potential sweep
employ for monomer electro-polymerization.’®** Consequently,
various factors determine the characteristics and the applications
of the polymer's films formed, for instance doping effect, applied
potential, potential sweep direction, electrolyte solution, mono-
mer nature, solvent effect, pH, temperature, and the potential
volumetric window.””>* Fundamentally, in this technique, an
electrochemical cell [Fig. 2] comprising a monomer, immersed
working electrode, doping agent, and the electrolyte solution
under applying potential. Thus, the monomer will be deposited
on the working electrode surface, forming a conducting polymer
film via an electrochemical oxidization process to generate free
radicals that initiate the polymerization progression.>

This polymerization approach occurs through a widely
recognized mechanism that entails monomer oxidation on the
electrode surface by forming cationic radicals. Electrochemical
polymerization of luminol illustrated in Scheme 1, the first step
informs the formation of a cation radical via electron transfer
from sp® orbital to the electrode surface when oxidation ensues.

V. Ferreira et al. reported an electrochemical study that
incorporated synthesis and characteristics of luminol with
aniline undergo electrochemical polymerization. The process
performed in acidic media potentiodynamically using various
concentration ration of monomers, the authors discuss the
ratio effect from (1:1) to (1:60). The inclusion of aniline block
in the polymer construction reflected on current density and
potential profile under acidic media of both characterization
and polymerization. At lower potential than aniline where
luminol oxidized reasons inhibition aniline oxidation and
impact polyaniline integration in the films. The combination of
poly(luminol-aniline) films demonstrates electroactive and
steady behavior and exhibits similar performance in basic
conditions similar to the diversity of polyaniline films.>®
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Scheme 1 General mechanism of luminol electro-polymerization process.
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Furthermore, potential cycling electro-polymerization of
phenazine safranine at carbon electrodes in nitrate solutions
and chloride solution (pH 5.5) into several pH (2.0, 5.5, and 7.0)
was reported.” The investigation of obtained polymer electro-
active properties has been examined by cyclic voltammetry (CV)
utilizing various electrolyte solutions under —0.8 to 1.2 V in
AgCl/Ag referenced electrode for 18 cycles. Chloride solution,
pH 5.5, resulted the highest surface coverage for the film
formed with 8.7 nmol cm ™2 due to the deprotonation being fast
at this pH of dimers and oligomers [Scheme 2]. Authors
explored other film coverages from 5.3 to 7.8 nmol cm 2, and
similar to polymers gained from other phenazine dyes their
coverages scored lower. While the polymerization process
appeared to be the fastest at pH 5.5, the best electrochemical
characteristics resulted at pH 2.0. In most cases, and according
to the assessment of cyclic voltammograms, electrochemical
processes coated electrode polymer is restricted to surface
reactions. An example of a voltammogram to the electro-
polymerization process of poly(safranine) illustrates in Fig. 3.

2.2. Chemical method

Chemical oxidative polymerization (COP) is used for polymer
synthesis based on amine or diamine aromatic compounds.
The method involves monomers that have a high oxidation
tendency with distinct electron donor characteristics. In the
chemical approach, monomer oxidation is accomplished
through an inorganic (or organic) oxidizing agent. The initial
polymer growth begins with cation or cation radical sites
created in the monomer (polymer) core. Ammonium persulfate
is one of the most widespread chemical redox initiators re-
ported in this experiment; among other oxidizing agents,
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Scheme 2 Safranine dimer formation mechanism.
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Fig. 3 CV recorded of poly(safranine) electro-polymerization in 0.1 M
of sulfuric acid and scan rate: 50 mV s~ This figure has been adapted/
reproduced from ref. 6 with permission from PubliSBQ, copyright
(2023).
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various aqueous media applicable to the oxidation process and
a diversity of oxidants can also be exploited.>****

Additionally, determined by the formulation conditions, the
polymers might be soluble in several organic solvents or insol-
uble whatsoever;* likewise, the variability of properties,
numerous supramolecular morphologies, and polymer yield
controlled by the reaction conditions, whether in acidic or basic
media. Myriad parameters are considered necessary in charge
of the resulted characteristics and morphology;*-** this
embraces especially the nature of chemical oxidants, acid
protonated, solvent, the intermediates formed within the
oxidation, molar proportion, and reactants concentrations,
temperature, the presence of the additives (e.g., surfactants,
colloidal stabilizers) and others. It may be partially evident for
the experimenter which parameters can guide the synthesis
toward the desired polymers.

In this context, poly luminol with electroactive behavior has
been synthesized through oxidative chemical reaction by J.
N'Diaye et al.*®* The polymerization reaction of luminol was per-
formed in DMSO: H,O (9: 1) and ammonium persulfate [Fig. 4],
the process shows fast kinetics with reversible oxidation/
reduction reactions. The desired polymer was examined by FT-
IR, and data confirmed the transformation of primary amine to
secondary amine groups. Glass transition appeared at 99 °C while
melting temperature at 152 °C when polymers were investigated
by thermal analysis and uncovered the semi-crystalline nature of
poly luminol. The writer mentions the possibility of utilizing the
corresponding polymer in energy storage applications.

3. Poly(safranine) in sensor
applications

Electrochemical applications of poly(safranine) in the mold of
sensors were reported in a handful of articles in the literature,
mainly through the electrochemical polymerization films

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Chemical polymerization process of luminol.

method. An innovative sensor for 4-nitrophenol in a water
sample was studied using poly(safranine) modified on glassy
carbon electrodes.? Cyclic voltammetry (CV) was used to analyze
the electrochemical performance of the polymer film toward 4-
NP in phosphate-buffered saline (PBS) at (pH = 6.0) as well as
adsorptive linear stripping voltammetry (LSV). Poly(safranine)
film was molded on the GCE surface at a scan rate of 0.1 Vs~
for 15 cycles in sweeps among —1.6 and 2.0 V, and the cyclic
voltammogram shows a definite reduction peak at —1.05 V,
confirming the sensing of the corresponding polymer toward
the target with detection limit 3.0 x 10~% M [Fig. 5]. An excellent
linear relationship was observed with a concentration range
between 8.0 x 10~° to 4.0 x 10~> M of 4-NP reduction current at
poly(safranine) film. The impact of pH was covered, and the
study displayed a negative response of the reduction peak with
increasing pH, whereas, at pH 6.0, the maximum value was

e ’[502 — b
107 Pct.

I/le-4A

\Pa2_Pa1/

— 77— T
300 400 500 600 700

E/V
Fig. 5 Cyclic voltammetry of first and second cycle of poly(safranine)
in the presence of 4-NP (curve a and b) and without (curve c). This

figure has been adapted/reproduced from ref. 3 with permission from
WILEY — VCH via CCC marketplace, copyright (2023).
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presented. The research suggested that the equality of protons
and electrons transfer explains this result. The sensor was
applied in fruit and natural water sample to examine the
response toward the traces of 4-NP, and the data appears with
promising results.

Poly(safranine) has been employed in the biosensor field in
addition to the chemical target substances. T. Gan and the
research team® investigate a biosensor to a sort of auxin
hormone called indole-3-acetic acid (IAA) [Fig. 6] based on
poly(safranine) and nanocomposites of reduced graphene oxide
(rGO). The team claimed the novelty of this sensor which
combines selectivity with sensitivity, unlike others determining
(IAA), reported techniques. Electrodepositing dipping-drying
method used to prepare the desired polymer on a pre-anodized
graphite electrode (AGE) coated by rGO film layer. Scanning
electron microscopic (SEM) revealed a rougher surface of elec-
tropolymerized safranine comparable to the morphology of
rGO/AGE while forming a smooth surface mirror-like with AGE.
In the electrochemical study of the sensor response, CV
demonstrated two oxidation peaks located at 0.56 and 0.64 V,
respectively, in the first cycle. In contrast, in the reverse sweep,
at —0.05, a weak reduction peak appears. A study of pH influ-
ence was executed as well, giving the maximum result when it
reads 8.0, and this attributed to the anionic behavior of IAA

zT

OH

Fig. 6 Chemical structure of indole-3-acetic acid (IAA).
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from pH 4.75 and higher, which make electrostatic interaction
grow stronger with the cationic positive-charged poly(safranine)
film and enhances the response toward IAA in the alkalescent
atmosphere. Meanwhile, the detection limit was calculated at
5.0 x 10~ ® M. A good linear relationship of the voltammetric
current was with IAA concentration in the range 1.0 x 10~ to
7.0 x 10~° M. This sensor has been tested in the real sample
examination to the determine the IAA in the extract versatile
plant leaves and the recoveries diverse in the range of 97.71-
103.43%.

Novel biosensor discovered in the literature survey using
polyazine-modified GCE. L. Niu and colleagues® examined for
the first time the ability of electrochemically polymerized
safranine to determine uric acid (UA) and epinephrine (EP) in
the coexistence of ascorbic acid (AA). The preparation procedure
of the electro safranine films involves submerged GCE in 2.0 x
10~% M of safranine solution embracing in (H,SO, 0.1 M) in
—0.5 to 1.8 V potential range with ten cycles of scan rate (50 mV
s~ ). The article discusses using different acids besides sulfuric
acid, and the latter has been chosen for its smooth film
formation. The effect of the cycle number of electro-polymer
formation revealed an enhancement of surface coverage
growth until it reached 120 cycles when the polymer started to
desquamate; it was found out that as soon as the cycle number
is expanded to 100, maintained relationship observed between
the scan rate and peak current. Consequently, no changes are
noticed in the polymer redox mechanism by increasing the cycle
number since diffusion of electrons dominates the surface
process [Fig. 7].

However, protonation of UA (pK,, = 5.40) and EP (pK, = 8.88)
when the pH is below 5.40 for UA and 8.88 for EP is the main
explained reason for the pH solution has its maximum effect at
4.4 for UA and 7.0 for EP [Fig. 8]. In the electrocatalytic currents,
heightened and well-separated potentials were ascertained for
EP and UA. Linear anodic peak currents of EP and UA were seen
at 6.0 x 107° to 1.0 x 10~* M of the corresponding concentra-
tions with 2.0 x 1077 M detection limits for EP and 4.3 x
10~° M for UA [Fig. 9]. Furthermore, the stability and interfer-
ence studies have been reviewed on the modified electrode and
presented good stability along with sensitivity. In the real
sample test, acceptable results were accomplished for the
sensing of EP and UA in human urine sample injection solu-
tions by EP.

Considerable efforts extended to achieve more sensitive and
selective sensors utilizing poly(safranine) involving substances
closer to daily life, such as determining the caffeine in tea
samples.* Contrary to some analytical techniques that require
expensive equipments and complicated processes, the electro-
chemical approach makes a convenient pathway and more
environment-friendly strategy to determine caffeine. With that
said, safranine was electropolymerized on a GCE in phosphate
buffer solution (pH 5.8) from —0.8 to 1.2 V in 20 cycles. The
obtained polymer was then dried and coated with Nafion
solution in order to prevent the anions interferences that may
happen. The uniform film was examined for caffeine oxidation
to exhibit a superior electrocatalytic capability. Cyclic voltam-
metry was used to study the sensing activity of the polymer
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Fig. 7 Voltammogram of poly(safranine) generated at different cycles
(10, 20, 40, and 60 cycles) in 0.1 M sulfuric acid solution. This figure has
been adapted/reproduced from ref. 6 with permission from PubliSBQ,
copyright (2023).
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Fig. 8 pH effect on epinephrine (EP) and uric acid (UA) oxidation. This
figure has been adapted/reproduced from ref. 6 with permission from
PubliSBQ, copyright (2023).

under potential within 1.0 to 1.5 V in sulfuric acid. In the
presence of caffeine solution (1.0 x 10~° M), neither bare
electrode nor electrode coated with Nafion gave a redox
response. Notwithstanding, a distinct anodic peak at 1.38 V was
detected when poly(safranine) was introduced; this response
raised linearly with caffeine concentration in between 3 x 1077
to 1.0 x 10~* M. The detection limit (1 x 10”7 M) was recorded,
showing a lower result than other reported analytical
researchers. The ability of this method has been proven in the
real sample test using green, oolong, and black tea, and the
recoveries were 103.3, 106.4, and 96.6, respectively.
Organophosphate pesticides were aimed to be determined
utilizing another designed poly(safranine) on modified GCE.*
Parathion is an OPs that is readily absorbed by the skin through
inhibition of the enzyme acetylcholinesterase (AChE). The novel

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Differential pulse voltammetry (DVP) of UA and EP at different
concentrations. Concentrations of EP (107> M): (1) 0.6, (2) 0.8, (3) 1.0,
(4) 2.0, (5) 3.0, (6) 4.0, (7) 5.0, (8) 6.0, (9) 7.0, (10) 8.0, (11) 9.0, (12) 10;
concentrations of UA (107> M): (1) 0.6, (2) 0.8, (3) 1.0, (4) 2.0, (5) 3.0, (6)
4.0,(7)5.0,(8) 6.0, (9) 7.0, (10) 8.0, (11) 9.0, (12) 10; inset graphs are the
plots of anodic peak currents to the corresponding concentrations of
EP and UA. This figure has been adapted/reproduced from ref. 6 with
permission from PubliSBQ, copyright (2023).

sensor electrode film has been prepared via an electro-
polymerization process in a solution of PBS (pH 6.0) and sweeps
in the range —1.6 to 2.0 V for 15 cycles under 0.1 V s~ " scan rate
and the obtained film tested as a sensor for 1.9 x 10> M
solution of parathion pesticide sample. Voltammogram
responded positively with a prominent reduction peak at
—0.60 V [Fig. 10] that credited to the transfer of 4 electrons in
the reduction mechanism to convert the nitro group in para-
thion to hydroxylamine derivative [Scheme 3]. Parathion
concentrations between 3.43 x 10® and 3.43 x 10> showed

Pc

Plc

1(10 uA)
(3]
1

T I T I T I T I T I T I T I T
-02 -04 -06 -08 -1

E/V (versus SCE)

-1.2

Fig. 10 Voltammogram response of parathion (1.9 x 107> M) at (a)
bare electrode (GCE), (b) poly(safranine) film-modified electrode. This
figure has been adapted/reproduced from ref. 35 with permission from
Hindawi, copyright (2023).
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a good linear relationship of the reduction current in linear
sweep voltammograms with a detection limit equal to 1.0 X
10~® M. Scan rate and pH influence were also studied, and the
results revealed that the increase in linearity was in scan rate
between 0.01t0 0.2 Vs~ ', and increasing in pH values presented
a negative shift with a maximum response at 5.5 to 6.5 [Fig. 11].
Apple sample was used to test the selectivity and the sensitivity
of the obtained sensor by determining the trace amounts of
parathion; the recoveries of the pesticide spiked recorded
between 97.7 to 107.2%.

In this scope of applications, another type of analyte was
tested for determination by poly(safranine). Jasmonates and
their derivatives are a class of plant hormones that play
a primary role in plant growth and response to any tissue
wounding. Poly(safranine) based graphene oxide as an electron
transfer intermediary has been reported in the form of a suffi-
cient technique to determine methyl jasmonate [Fig. 12]
through one step polymerization process.*® Electrochemical
activity study of the obtained electrode film revealed a voltam-
mogram with a strong outcome of the designed polymer toward
the target material in the form of a noticeable oxidation peak at
1.54 V. In optimum anodic current, the linearity enhanced of
the analyte in concentrations between of 1.0 to 10 uM and 30 to
3000 uM. A formed electrocatalytic film was effectively applied
to determine the target substance in samples of both jasmine
essential oil and rice spikelets, and the study came with satis-
factory results.

Similarly, D. Saritha et al® reported an
polymerization of poly(safranine) intended for a novel electro-
chemical sensor constructed with nano NiO materials on the
surface of modulated carbon paste electrode (CPE). The ob-
tained composite was applied to detect rutin [Fig. 13], which is
a natural flavonol glycoside with versatile biological activities-
usage cyclic and differential pulse voltammetric methods in
0.01 mM of safranine and supporting electrolytes (PBS 0.1 M) at
(pH 5.5).

The procedure was executed in potential between 0.0 to
0.07 V for 20 cycles under 50 mV s~ scan rate [Fig. 14]. Since
nickel oxide nanoparticles hold superparamagnetic character-
istics, the modified CPE with poly(safranine/nano NiO) is con-
jectured to display exceptional electrochemical performance,
high stability and sensitivity, and better conductivity. The CV
data shows two distinct redox peaks at 0.232 V and 0.188 mV
with maximum peak currents at the analyte concentration
range of 1.61 x 10~ ° M to 2.30 x 10”7 M [Fig. 15]. As stated in
the research, the exceeded pH over 5.5 causes the amino group
in safranine to be easily protonated, negative ions increase, and
electrostatic repulsion between rutin and NiO/safranine
contributes to the current reduction [Scheme 4]. Detection
and quantification limit values were 0.54 x 10~ ® M and 1.61 x
10~® M, respectively. Buckwheat and green tea samples were
utilized for the actual sample study to test the response of the
modified electrode film to the rutin company with interfering
constituents. The recoveries' performance was recorded in
a range of 96.5% to 102.8%. Thus, the electro-polymerization
process provided a significant augmentation to the

electro-
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Fig. 11 pH effect of parathion (3.43 x 107> M) on peak current at
fabricated poly(safranine) film under scan rate: 100 mV s~*. This figure
has been adapted/reproduced from ref. 35 with permission from
Hindawi, copyright (2023).

electrochemical response, as in 6 times greater than the bare
CPE and 3 times greater than CPE over nano (NiO) materials.
Quercetin is one of the antioxidants in food and has a similar
structure to rutin was studied as a target analyte for poly(-
safranine) on GCE as well.*® Modified electrode film illustrates
a high electrocatalytic activity for quercetin electrochemical
reaction [Fig. 16]. The same result as in rutin, quercetin showed
reversible performance throughout the adsorption-controlled
procedure with a transfer of two electrons. Linear concentra-
tion is exhibited in square wave voltammetry (SWV) data
between 0.01 uM to 8 uM with reasonable detection and
quantification limits [Fig. 17]. Additionally, stability, repeat-
ability, reproducibility, and sensitivity have been studied for the
obtained sensor, and the values displayed good selectivity for
quercetin among different materials. In the real sample test,
wine and fruit juice were used, and their recorded recovery of

9704 | RSC Adv, 2023, 13, 9697-9714

90.7 to 105.5% was compared with those performed by high-
performance liquid chromatography (HPLC), resulting in
a steady value with the gained from HPLC.

Amalgamation between multi-walled carbon nanotubes
(MWCNT), electropolymerized safranine, and copper oxide
nanoparticles (CuO) was reviewed as a novel sensor for catechol
and hydroquinone substances.** The method was performed on
pencil graphite electrodes (PGE) in deep eutectic solvent (acid-
doped ethaline) to formulate the film electrode alongside
three diverse nanostructured designs. Among using different
acids media, HCl, HNO;, HClO,, and H,SO,, the growth of
polymer film gave excellent outcomes when poly(safranine) was
electrodeposited on the above combination in HCI conditions.
Obtained film-coated electrodes were examined using CV and
electrochemical impedance spectroscopy to test their sensor
performance toward the objective materials. The modified film
electrode delivered both sensitivity and selectivity detection of
catechol and hydroquinone with pronounced oxidation peak of
catechol at around 0.22 V and 0.12 V for hydroquinone due to
the united impact of MWCNT/CuO nanocomposite. The deter-
mination of the analytes was studied regarding milk and tap

water samples, and results approved the novel sensor

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.15 Voltammogram response for (a) bare CPE, (b) bare electrode in
the presence of rutin, (c) rutin at NiO modified CPE, (d) rutin at pol-
y(safranine)/nano NiO CPE. This figure has been adapted/reproduced
from ref. 37 with permission from ESG, copyright (2023).

© 2023 The Author(s). Published by the Royal Society of Chemistry

applicability, making it an encouraging method to sense the
target materials.

As can be deduced, significant efforts have mainly focused
on preparing poly(safranine) via electrochemical methods, and
it is worth mention chemical polymerization of safranine has
not been reported, to the best of our acknowledge, as an
approach method for preparing safranine in sensor applica-
tions. In this regard, new opportunities may open the research
window for developing methods and addressing poly(safranine)
in electrochemical applications through versatile chemical
oxidizing agents and chemically green techniques. Summary of
the above results utilizing poly(safranine) in sensor applications
in Table 1.

4. Poly(luminol) in sensor
applications
Luminol (5-amino-2,3-dihydro-phthalazine-1,4-dione) [Fig. 1]

has broadly exploited in several fields, including chemistry,
biochemistry, and thoroughly in electrochemiluminescence

RSC Adv, 2023, 13, 9697-9714 | 9705
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presence of quercetin, (c) poly(safranine)/GCE in absence of quercetin,
(d) poly(safranine)/GCE in presence of quercetin. This figure has been
adapted/reproduced from ref. 38 with permission from ELSEVIER via
CCC marketplace, copyright (2023).

and chemiluminescence detection. The presence of an amino
group in luminol improves the intensity of chemiluminescence
as an electron-donating group to the system. It reflects posi-
tively on the electrochemical properties of poly(luminol) and its
utilization in sensor applications.***¢

S. Ashok Kumar*” and colleagues reviewed a novel composite
electrode film of electropolymerized luminol under acidic
media (0.1 M sulfuric acid) conducted with zinc oxide (ZnO)
nanoparticle on modified (GCE). The coated electrode film was
then studied for electrochemical analysis as a sensor for
ascorbic acid (AA), two electrons and one proton transfer were
the essence of the oxidation of L-ascorbate to dehydro-r-ascorbic
acid [Scheme 5]. It was projected that the comparable kinetic
mechanism is involve in the ascorbate oxidation on the poly(-
aniline)-poly(vinylsulfonate) composite modified film where
a complex is designed between the polymer and the ascorbate
followed by bound ascorbate oxidation. Versatile instruments
were applied to demonstrate the surface of the construction of
the obtained hybrid comprising scanning electron microscope
(SEM) and atomic force microscope (AFM). Particle sizes of the
hybrid film were recorded <100 nm alongside with observable
blue colored on the electrode surface. PLu/ZnO-NPs modified
electrode film electroactivity was studied in a pH range (1 to 11).
Data displays an increasing oxidation peak with pH values until

9706 | RSC Adv, 2023, 13, 9697-9714

E (V) vs Ag/AgCI

Fig. 17 Square wave voltammetry (SWV) for diverse concentrations of
quercetin (0.01, 0.05, 0.25, 0.75, 2.75, 4.25, 6, 7.5 and 8 uM) in pH 5.6 at
poly(safranine) on GCE. This figure has been adapted/reproduced
from ref. 38 with permission from ELSEVIER via CCC marketplace,
copyright (2023).

7.0, and a negative response started with higher pH values.
Compared with the bare electrode, the modified one exhibits
excellent electroactivity toward ascorbic acid in the shape of
a significant rise of anodic current [Fig. 18]. The sensing
response for the analyte had a broad linear in AA concentrations
between 1 x 10~ ° to 3.6 x 10~* M with 3 seconds response time
and low detection limit. Upon the above results, commercial
vitamin C samples were analyzed to examine the efficiency of
the polymer-modified electrode in a real sample study, and the
results came with an arrangement with the described values.
Another composite film through an electro-polymerization
technique based on poly(luminol-benzidine) has been investi-
gated on the surface of graphite electrode.*® The process was
carried out on a three-electrodes system under a potential of
—0.2 to 1.0 V for 30 sweep cycles and 5.0 x 10~* M solutions of
luminol, same as for benzidine concentration. The desired
modified electrode film was examined for its electro-
chemiluminescence (ECL) operative as a sensor toward
hydrogen peroxide (H,0,). The (ELC) mechanism of the
composite films consist of electrochemically oxidized of poly(-
luminol) at first to polymeric azasemiquinone radical on the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Sensor Target Detection limit Electrode Ref.
Poly(safranine) 4-Nitrophenol (4-NP) 3.0 x 108 M Glassy carbon electrode (GCE) 3
Poly(safranine)/rGO Indole-3-acetic acid (IAA) 5.0 x 10°°M Pre-anodized graphite electrode 34
(AGE)
Poly(safranine) Epinephrine (EP) 2.0 x 107" M (EP) GCE 6
Uric acid (UA) 4.3 x 107° M (UA)
Poly(safranine) Caffeine content in tea 1x107M GCE 4
Poly(safranine) Parathion 1.0 x 10°* M GCE 35
Poly(safranine)/rGO Methyl jasmonate 5.0 x 107’ M GCE 36
Poly(safranine)/nano NiO Rutin in buckwheat and green tea 0.54 x 107* M Carbon paste electrode (CPE) 37
samples
Poly(safranine) Quercetin in wine and fruit juice samples 5.0 x 10°° M GCE 38
Poly(safranine)/MWCNTs/CuO Hydroquinone (HQ) 3.0 x 1077 M (HQ) Pencil graphite electrodes (PGE) 39
nanocomposite Catechol (CAT) 7.0 x 1077 M (CAT)
OH oH oxygen by the construction of poly(luminol), followed by the
HO o HO reaction of (O, ™) with the polymeric azasemiquinone radical to
0 -H',2¢ 0, generate ECL signal. Furthermore, in the sight of H,0,, poly-
S o meric azasemiquinone radical will react with the electro-
HO o (o] oxidized H,0, to form polymeric 3-aminophthalate in the exited
(0]

L-ascorbate Dehydro-L-ascrobic acid

Scheme 5 Ascorbic acid electrocatalytic oxidation on poly(luminol)
modified film.

i 1 i i i i

a b
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T T T T

0.40
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T T
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Fig. 18 CVs of 5 mM of (AA) with: PLu/ZnO-NPs/GCE (curve a), PLu/
GCE (curve b) and bare GCE (curve c) in pH 7.0 PBS + PLu/ZnO-NPs/
GCE in the absences of AA in PBS (pH 7.0) solution (curve d). Scan rate
=10 mV s~L. This figure has been adapted/reproduced from ref. 47
with permission from ELSEVIER via CCC marketplace, copyright
(2023).

electrode surface when applied an appropriate electro-potential
to the electrode. Concurrently, super oxygen anion radicals
(0,°7) could appear coming from the reduction of the dissolved

© 2023 The Author(s). Published by the Royal Society of Chemistry

state, which resulted in the enhanced ECL signal when return-
ing to the ground state [Fig. 19]. Scientific data presented
a higher fluorescence quantum yield of polymeric 3-amino-
phthalate compared with poly(luminol), and the article sug-
gested that the dissimilar performance of
electrochemiluminescence of poly(luminol-benzidine) hybrid
films could be driven by the photophysical property modulation
of polymeric benzidine to the poly(luminol) in the composite
films.

Additional sensor for hydrogen peroxide was explored
through galvanostatic polymerization as a new class of method
to prepare poly(luminol) films onto screen-printed electrodes
(SPEs).* Similar data of the new technique was observed for the
gained film in respect of responses to H,O, compared with the
ones found through potentiostatic mode. Cyclic voltammetry
was used to test the film performance by utilizing choline
oxidase as an enzyme model, immobilized in silica gel designed
on both luminol before and after being polymerization. The
results confirmed the ability of luminol to be polymerized
inside a silica gel. In either event, concentrations of micromolar
choline could provide sensitive detection of the target
substance, and it opens the window for many other oxidase-
substrate compounds.

A biosensor for glucose has been proposed by electro
oxidizing approach of poly(luminol) with polymeric aniline and
nanowires to form a composite film on the surface of graphite
electrode in an acidic environment.”® The prepared film was
carried out in CV under potential between —0.2 to 1.0 V and
0.2 V s~ scan rate for 50 cycles using 0.001 M of luminol and
0.025 M of aniline. Synthesized electrode film impacted ECL
response in the form of distinct oxidation at 0.2 Vand 0.5 V, and
a new one was revealed from the second scan at the potential of
—0.55 V, which can be explained as polymeric luminol electro-
generated species oxidation area might react with modified
polymer reduced species at the electrode surface. The study of

RSC Adv, 2023, 13, 9697-9714 | 9707
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(ELC) performance shows that the electropolymerized
composite forms an exemplary biosensor for glucose by
providing a significant surface addition to the presence of
nanoparticles interface on the electrode surface, improving the
response toward the glucose enzyme loading. The developed
biosensor demonstrated the response of relative standard
deviation to 1.0 x 10~® M glucose was 4.3% for eleven consec-
utive conclusions.

One more attempt to design an electrochemical sensor for
H,0, designed through electropolymerized luminol synthe-
sized on screen-printed gold electrode has been reported via ]J.
Ballesta-Claver et al®* A copolymerization study of luminol-
bearing manifold monomers was performed. The applied
potential interval was between —0.2 to 1.0 V to formulate the
polymeric films in H,SO, (0.2 M). Poly(luminol-3,3’,5,5"-tetra-
methylbenzidine) shows growth at 1:5 ratio with great effi-
ciently and ECL emission with similar mechanism to the one
mentioned previously.”® In linearization analysis, detection
limits were calculated at 2.6 x 10~° M, illustrating an obvious 4-
decade width concentration range. The designated screen-
printed electrode sensors will be suitable for oxidase substrate
determination in ECL single-use biosensors.

Determining biomolecules such as dopamine (DA) and uric
acid (UA) were also reviewed based on poly(luminol) modified
film on GCE. A composite of multi-walled carbon nanotubes
and gold nanoparticles combined with B-cyclodextrin was effi-
ciently developed and tested as a biosensor.>” The electro-
chemical study results show the vital role of the gold
nanoparticles in the catalytic activity of the obtained film

9708 | RSC Adv, 2023, 13, 9697-9714

toward dopamine addition to MWCNTSs, which dramatically
boosts electron transfer. While there is no noticeable response
to the bare electrode, the desired composite displays unmis-
takable redox peaks between 0.20 and 0.33 V. Multiples of
proton exchange process with a reversible electron transfer
progression is occurred during the proposed mechanism. The
linearity of the current response presents a low detection limit
of 1.9 x 10”7 M with rises in analyte's concentration from 1.0 x
107° to 5.6 x 10 M. Besides, the interferences study of uric
acid and ascorbic acid are successfully reduced, and the
modified electrode's suitability was established through dopa-
mine measurement in dopamine hydrochloride injection.

An additional biosensor was reported toward cholesterol via
the electrochemiluminescence process through layers forma-
tion on gold screen-printed cells.* Electro-construction of novel
luminol copolymers used as a detection layer with diverse click-
chemistry-based biotinylated pyrroles, introducing an innova-
tive electroluminescent property of biosensor with an original
transduction layer. Cyclic voltammetry applies to study the
electroactivity with 5 cycles in a 10~ M solution of the obtained
polymer at pH 7.0. Incubation with biotin vinyl sulfone was
used to prepare the oxidase cholesterol, then immobilized it on
the gained polymer usage the interaction of avidin-biotin. The
results show the linearity of cholesterol was maximum between
1.5 x 10 >M and 8.0 x 10~ * M and 7.9% accuracy in the case of
9.0 x 10 ° M while exhibits 14.1% for 2.0 x 10 * M. In
compared to a reference procedure, acceptable outcomes have
been presented in real sample test of cholesterol determination
utilizing serum samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Poly(luminol) was used by the same means to detect health
hazard materials such as free chlorine content in drinking
water. An optical sensor based on distinguishing the chem-
iluminescence signal generated by thin immobilized polymeric
luminol film was disposed by electro-polymerization method on
the planar indium-tin-oxide (ITO) electrode surface.** The
method was executed by several techniques to prepare poly(-
luminol), including cyclic voltammetry and pulsed amperom-
etry. The data shows that the films prepared using the CV
approach came with the highest luminescence signal. At the
same time, pulsed amperometry revealed 80% less lumines-
cence and closed to no signal accomplished in case of constant
potential electrolysis. In phosphate buffer, reducing in signal
intensity was detected at concentrations above 0.5 mM by
a quenching mechanism produced by the analyte or the high
amount of free chlorine. Hypochlorite detection limit was below
5 x 1077 M at pH 8.0, and the signal of chemiluminescence
exhibits a drop over 1 mM of analyte concentration. Tap water
samples were tested to confirm the applicability of the prepared
polymer.

Along the same line, the copolymerization of aniline with
luminol was also studied and applied in sensor applications. X.
Wei and team® examined the electrochemical deposition of
poly(aniline-luminol) onto a nanohybrid of AuAg/TiO, indium
tin oxide coated glass. The modified electrode was employed for
flow-injection-analysis (FIA) detection and characterized in
cyclic voltammetry. Results show more robust ECL emission
performance for target analytes alongside outstanding stability
and sensitive response to reactive oxygen species. Subsequently,
the determination of FIA mode hydrogen peroxide manifests
suitable results upon residue detection in the specimen.

The preparation of biosensors bearing poly(luminol)
continued to develop through more hybridization of poly(-
luminol) with nanoparticles. K. C. Lin et al.*® studied the elec-
troactivity of polymerized luminol combined with poly(neutral
red), graphene oxide, and multi-walled carbon nanotubes
towards B-nicotinamide adenine dinucleotide [NADH]. The

View Article Online

RSC Advances

analyte represents one of the coenzymes that plays a significant
part in cell energy production and consumption. High sensi-
tivity has been obtained using amperometry of 288.9 pA mM ™~
em™> to NADH with a concentration between 1.33 x 10~% to
1.95 x 10" M and the limit of detection recorded to be 1.33 x
107° M.

In the mold of biosensor detections, research has developed
another fabricated poly(luminol) composite sensor for dopa-
mine sensing.”” Electrochemical preparation of poly(luminol-
benzidine sulfate) electrode with a constant ratio of 2:3 and
diverse concentrations of luminol and benzidine sulfate con-
structed by cyclic voltammetry was studied. To produce H,0,
for ECL and oxidizing dopamine, the article used tyramine
oxidase and immobilized it onto the surface of the modified
film, a brief description of copolymer formation mechanism in
[Scheme 6]. The results came out with a linear increase of the
signal between 1 to 20 nM of dopamine concentration and
a detection limit of 0.5 nM. To examined the selectivity, inter-
ference study has been applied and it is found that not far from
no response to other interferents such as ascorbic acid and uric
acid with a 100-fold dopamine concentration.

The ongoing formulation of biosensors using the ultrasen-
sitive electrochemiluminescence (ECL) process makes biomol-
ecule analytes a perfect target of poly(luminol) and its
composites. Poly(aniline-luminol) constructed with graphene
oxide nanocomposite was reviewed to detect alpha-fetoprotein
(AFP). For the first time in this part of the review, the chem-
ical approach was used to synthesize poly(luminol) rather than
the electrochemical method.”® A straightforward and fast
chemical oxidation strategy using (NH,),S,0s as an oxidizing
agent exhibited exceptional ECL achievement [Fig. 20]. The
addition of graphene oxide (GO) surface to the composite
brought excellent electron transfer characteristics to the formed
poly(aniline-luminol). Through the glutaraldehyde cross-
linking method, anti-AFP was immobilized on the surface of
a hybrid electrode, and the analytes captured onto the surface
by immunoreaction of an antigen-antibody appeared as

Cyclic voltammetry

NH, O 3

B) H . s
NH T H3N NH,
0o

Scheme 6

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A) Electro-polymerization of benzidine sulfate, (B) suggested reaction of composite film formation.
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Fig. 20 Diagram of AFP immunosensor construction based on the poly(aniline—luminol)/graphene oxide nanocomposite. This figure has been
adapted/reproduced from ref. 58 with permission from Springer Nature via CCC marketplace, copyright (2023).

decreasing ECL intensity. The linear range of 1.7 x 10 '* to 1.7
x 107® mg mL ™" displays in ECL immunosensor with low
detection limit suggesting a promising biosensor for AFP after
human serum sample has been successfully tested and came
back with reasonable results [Fig. 21].

In pharmaceutical formulations, paracetamol was one of the
target materials for poly(luminol) fabricated with MWCNTSs
sensor as well.*® The electropolymerized poly(luminol) was
introduced to the GCE surface alongside casting the function-
alized multi-walled carbon [Fig. 22]. The sensor efficiency was
tested by square wave anodic stripping voltammetry (SWASV) in
40 pM of paracetamol solution at pH 7.0, displaying enhance-
ment of the peak current attributable to the exquisite electronic
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Fig. 21 Linear range of 1.7 x 107*2 to 1.7 x 1078 mg mL™ AFP
immunosensor concentration of ECL response. This figure has been
adapted/reproduced from ref. 58 with permission from Springer
Nature via CCC marketplace, copyright (2023).
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transformation presented by MWCNTs [Fig. 23 and 24]. The
designed electrode has been examined in urine and serum
samples to detect the analyte with successfully obtained results.
In optimization condition, the interference study results display
no interferences were detected in the existence of 200-fold of
several materials.

In the same manner, another biosensor has been discussed
by Y. Yang and the team using a similar electro pathway to
prepare a nanocomposite constructed of poly(luminol-aniline-
hemin) to detect one of the vitamin B complexes, choline.®® An
enzyme-catalyzed choline oxidase (CHOD) reaction was used to
test the sensor performance. In this research, luminol and
aniline were co-electropolymerized on the surface of the

80 lAl
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0+
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_20 1 1 1 1 1 |
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E, mV vs. Ag/AgCIl/KClI

Fig. 22 Electropolymerizing process of luminol voltammogram in
0.5 M sulfuric acid under 50 mV st and for 10 cycles. This figure has
been adapted/reproduced from ref. 59 with permission from Springer
Nature via CCC marketplace, copyright (2023).
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Fig. 23 Cyclic voltammetry response of paracetamol (40 uM) at (a)
bare electrode, (b) f-MWCNTs on the electrode, (c) poly(luminol/f-
MWCNTSs), (d) modified electrode in the absence of paracetamol. This
figure has been adapted/reproduced from ref. 59 with permission
from Springer Nature via CCC marketplace, copyright (2023).
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electrode to construct nanoparticles, and this composite might
be employed as nucleation sites in the obtained electro-
polymerizing procedures. The article considered the catalytic
effect of hemin and its ability to merge into the desired hybrid
through facile electro-polymerization technique over and above
the exhibition of higher intensity response compared with
nanocomposites poly(aniline-luminol) alone. The broader
linear range for the choline sensing between the concentration
of 1 x 107" to 1 x 1077 M in association with applied it to
detect choline in milk sample confirms the fabricated film's
effectiveness toward the analyte.

One of the latest research developments in this field, using
poly(luminol-aniline)/MWCNTs as an inventive biosensor for
the hepatitis B virus (HBV) DNA assay, has been published.®* On
the electrode surface, the desired coralloid poly(aniline-
luminol)-has been fabricated and accompanied by the capture
DNA attachment through amide bond construction. A sandwich
structure was formed on the electrode surface attributable to
ferrocene-labelled DNA hybridized and HBV-DNA. ECL shows
an efficient raising of ECL signal output sensor credited to the
ferrocene catalysis effect of luminol. The constructed sensor to

PLum(oxidized form) + 2H++ 2¢ < PLum(reduced form)

PLum(oxidized form) + PCM (reduced form) «—» PLum(reduced form) + PCM (oxidized form)

Fig. 24 Suggested mechanism of PCM oxidation with PLum involve the two-proton-two-electron process.

Table 2 Synopsis of exploiting poly(luminol) in sensor approaches

Sensor Target Detection limit Electrode Ref.
Poly(luminol)/nano-ZnO Ascorbic acid (vitamin C) 1x10°°M GCE 47
Poly(luminol-benzidine) H,0, 6x10"'M Graphite electrode 48
Poly(luminol) H,0, — Screen-printed 49
Choline electrodes (SPEs)
Poly(luminol-aniline) Glucose 3x10°%M Graphite electrode 50
nanowires composite (PLANC)
Copolymerization of luminol in H,0, 2.6 x10°°M Screen-printed gold 51
the presence of different monomers electrode (gold SPE)
Gold nanoparticles-poly(luminol) Dopamine (DA) 1.9 x 1077 M (DA) GCE 52
(Plu-AuNPs)/MWCNTSs Uric acid (UA) 3.8 x 1077 M (UA)
Poly(luminol-biotinylated pyrrole) Cholesterol 147 x 107° M Gold screen-printed cells 53
Poly(luminol) Free chlorine 5% 107 M Planar indium-tin-oxide 54
content in drinking water (ITO) electrode
Poly(aniline-luminol) Flow-injection-analysis (FIA) 1.0x 10 "%g AuAg/TiO, nanohybrid 55
functionalized indium tin
oxide coated glass
Poly(luminol) and poly B-Nicotinamide 133 x 10 ° M GCE 56
(neutral red)/GO/(MWCNTS) adenine dinucleotide [NADH]
Poly(luminol-benzidine sulfate) Dopamine 5x 10 M Fluorine-doped tin oxide 57
(FTO) glass
Poly(aniline-luminol)/GO Alpha-fetoprotein (AFP) 5x 10" mgmL™' Chemical polymerization 58
nanocomposite using (NH,),S,04
Poly(luminol)/(f-MWCNTS) Paracetamol 2.5 x 108 M GCE 59
Poly(aniline-luminol-hemin) Choline 12 x 10 ?M Graphite electrode 60
nanocomposites
Poly(aniline-luminol)/MWCNTs The assay of hepatitis 24 x10°7 M Graphite electrode 61

B virus (HBV) DNA

© 2023 The Author(s). Published by the Royal Society of Chemistry
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detect HBV-DNA was tested into both systems with and without
H,0,, and the data displays equivalently in characteristics
under either scheme, demonstrating the ability to use the pre-
sented DNA biosensor excluding H,O, addition, which make
the obtained sensor a has an excellent capability for other DNA
sequence detection. In Table 2, sum up of the previous
outcomes.

5. Conclusion and outlook

Comprehensive researchers promoted polymerized safranine
and luminol and their composites in sensor applications and
the performance of electroactivity constructions. The above
finding reveals the high selectivity and sensitivity among other
electrochemical properties of poly(safranine) and poly(luminol)
as well as their composites in sensing applications which make
these moieties a good choice for future discovering. Almost the
entire researches focused on the electrochemical oxidative
polymerization approach compared to the chemical method
due to the countless benefits of the electrochemical process,
including the direct deposition of the films on the surface
electrode and the easy way to control the film's thickness with
almost zero impurities in the process. The above findings give
the chemical technique a wide window to explore; diverse
oxidizing agents may apply with eco-friendly methods. The
analytes in the literature also revolved around biomolecules,
and minimal were discussing toxic heavy metals, which leads to
more possibilities of target detections using poly(safranine and
luminol) to examine.
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