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The main goal of the presented study was to design a biosensor-based system for epinephrine (EP)

detection using a poly-thiophene derivative and tyrosinase as a biorecognition element. We compared

two different electroanalytical techniques to select the most prominent technique for analyzing the

neurotransmitter. The prepared biosensor system exhibited good parameters; the differential pulse (DPV)

technique presented a wide linear range (1-20 pM and 30-200 pM), with a low detection limit (0.18 nM
and 1.03 nM). In the case of chronoamperometry (CA), a high signal-to-noise ratio and lower

reproducibility were observed, causing a less broad linear range (10-200 puM) and a higher detection
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1. Introduction

Epinephrine (EP), a catecholamine that acts as a neurotrans-
mitter in the nervous system, plays an important role as
a chemical messenger between cells." Any dysfunction of the
neurotransmitter level in nervous/metabolic processes can lead
to a number of serious diseases, mainly neurodegenerative.>*
Constant and fast monitoring of neurotransmitters would be
very helpful in modern medical diagnostics, where biosensors
could be used as potential point-of-care testing devices, as an
alternative to classical analytical techniques for the detection of
important analytes. Since 1962, when the first biosensor for
glucose detection was constructed, intensive research has been
carried out in the biosensor area.® Biosensors help to assess the
levels of biological markers or any chemical reaction by
producing signals that are mainly related to the concentration
of an analyte in the chemical reaction. Predominantly applied
and most conventional are electrochemical biosensors, which
are based on transducing the biochemical events to electrical
signals.®” Such devices are constructed via chemical and bio-
logical modification of an electrode, which is used as a solid
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, stability (49 days), and total surface coverage (4.18 x 1072 mol cm™

limit (125 nM). Therefore, the DPV technique was used for the calculation of sensitivity (0.0011 pA mM~!

2). The biosensor also

showed very high selectivity in the presence of common interfering species (i.e. ascorbic acid, uric acid,
norepinephrine, dopamine) and was successfully applied for EP determination in a pharmaceutical sample.

support for the anchoring of biomolecules and electron trans-
fer. Although biosensors use a diversity of biorecognition
elements (e.g. DNA, antibodies), electrochemical determination
techniques employ mainly enzymes, like oxidoreductases, due
to their binding capabilities and biocatalytic activity.'>"
Oxidoreductases, such as laccase or tyrosinase, catalyze the
redox reaction of a wide range of compounds which can be
observed as, for instance, current changes.

Electrochemical biosensors utilize a variety of detection
techniques, such as amperometry, where a reaction carried out
during the investigation generates a measurable current
signal.”> One example of amperometric measurements is vol-
tammetry, which controls current changes resulting from the
redox reactions of an electroactive species at the electrode at
a fixed potential. The most common techniques used in such
electrochemical sensors are cyclic voltammetry (CV), differen-
tial pulse voltammetry (DPV), and chronoamperometry (CA). CV
allows obtaining information on the redox potential and elec-
trochemical reaction rates, as well as enables the adsorption of
compounds on the electrode surface (e.g. in the case of elec-
tropolymerization).”* In this method, the current is measured
between the working electrode and the counter electrode and
the voltage between the reference electrode and the working
electrode.”' In DPV the potential perturbation, which consists
of small pulses, is superimposed upon a staircase waveform.
Accordingly, it shows a higher sensitivity in comparison with CV
and selectivity due to the enhanced discrimination of faradaic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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currents.” CA is based on the application of the square-wave
potential to the working electrode and a steady state current
is measured as a function of time, which may be used for time-
dependent system characterization with high sensitivity.*>**

Inclusion of biologically active materials, like enzymes, into
the electrode design results in the development of new amper-
ometric approaches for biomolecules which can be non-
electroactive (e.g. glutamate), or whose surface electrochem-
istry is too complicated to permit direct recognition, like
glucose.'® Since a biosensor consists of two inherent elements,
a biorecognition element and a transducer, the choice of
a proper bioreceptor and electrode material is a key factor in
a reasonable biosensor design.

Glassy carbon electrode (GCE) is a good candidate in elec-
trochemical biosensor systems as a transducer element,
because of electrochemical inertness, gas impermeability,
electrical conductivity, and high chemical resistance."”° Since
electrochemical measurement is based on electron transfer
between the heterogeneous electrode-solution interface, the
appropriate modification of the electrode surface results in an
improvement of electrocatalytic properties, reproducibility of
the system, sensitivity, and stability.**>* Such treatments may
also reduce the passivation of the electrode surface due to
intermediates formed in the redox reaction.** Organic semi-
conductors are interesting candidates for application at the
interface between biological systems and electronics. Macro-
structures can be tailored to interact with their aqueous bio-
logical surroundings while at the same time being able to
interface with electronics. Conductive polymers are very often
used to modify the transducer surface: enhanced electron
transfer, compatibility with biological molecules, easy prepa-
ration, and high reproducibility make them a material that
effectively increases the sensitivity and stability of sensor
devices. S. Bonyadi et al. used a GC electrode modified with
a polymeric graphitic-C;N,/polyaniline/CdO (mpg-C;N,/PANI/
CdO) nanocomposite for epinephrine determination.> Poly-
aniline (PANI) is widely used in sensing technology due to its -
conjugation system, which ensures a very large specific surface
area.”® The sensor showed linear responses in the range of 0.05-
80 uM and 100-1000 uM for EP with the limit of detection equal
to 0.011 pM.*® Thiophenes represent very promising building
blocks for polymers thanks to easy polymerization, conduc-
tivity, and high stability.”” In the work presented by C.-Y. Lai
et al., poly(3-hexylthiophene-co-3-thiopheneacetic acid) (P(3HT-
c0-3TAA)) was used for the modification of indium tin oxide
(ITO) glass electrodes.”® Onto such matrix urease was immobi-
lized for urea detection. Obtained biosensor showed linearity in
the concentration range from 0.99 to 4.97 mM and could find
application in real urea analysis, as the serum urea concentra-
tion is in the range of 1.3 to 3.5 mM.

In this study, we present a comparison of electrochemical
techniques for epinephrine determination with a biologically
active element. A glassy carbon electrode was modified with
a poly-thiophene derivative (poly-4,4’-bis(2-methyl-3-butyn-2-
ol)-2,2'-bithiophene, poly-4,4’-bBT), which acts as a matrix for
tyrosinase immobilization and as an electron transfer mediator,
allow for enzyme-dependent redox reaction observations and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electrochemical characterization. To our knowledge, tyrosinase
immobilization onto the poly-4,4-bBT matrix has not been
previously described. Presented method showed a highly
sensitive, selective, quick, and simple analytical procedure.

2. Materials and methods

2.1. Reagents and materials

Tyrosinase (from Agaricus bisporus, EC 1.14.18.1, =1000 U
mg "), epinephrine hydrochloride (EP), tetrabutylammonium-
tetrafluoroborate (TBA-TFB), dichloromethane, uric acid (UA),
ascorbic acid (AA), and r-cysteine (CYS) were purchased from
Sigma-Aldrich Co (Merck company). Citric acid (CA), NaOH,
NaH,PO,, Na,HPO,, KH,PO,, Tris, HCl, CH;COONa, CH,-
COOH, NaCl, KCl, and glutaraldehyde (GA) were purchased
from POCH (Part of Avantor, Performance Materials, Poland).
The monomer - 4,4’-bis(2-methyl-3-butyn-2-ol)-2,2’-bithiophene
(Fig. 1) was synthesized according to previous literature.> All
buffers were prepared according to generally known, obligatory
standards. Drug Adrenalinum WZF 300 pg/0.3 mL was produced
by a pharmaceutical company Polfa Warszawa, Poland.

2.2. Modification of electrode

A glassy carbon electrode (GCE, diameter 3 mm, produced by
BASi, MF-2012 model) was polished with a 50 nm polishing
alumina suspension (BASi, CF-1050) and rinsed with double
distilled water. Then, the electrode was electrochemically
modified with a polymer layer of 4,4’-bis(2-methyl-3-butyn-2-ol)-
2,2'-bithiophene (poly-4,4’-bBT) and tyrosinase (Fig. 2). The
electrochemical synthesis of the polymer film was performed
using a potentiostat/galvanostat AUTOLAB PGSTAT128N with
NOVA software. A three-electrode electrochemical cell (10 mL)
equipped with a glassy carbon as a working electrode (GCE),
a silver-silver chloride as the reference electrode (Ag/AgCl), and
a coiled platinum wire as the counter electrode, was used for all
electrochemical experiments. Electrochemical synthesis of the
polymeric layer onto a surface of the clean GCE was performed
as follows: monomer (1 mM) was dissolved in a dichloro-
methane solution containing 0.1 M tetrabutylammonium-
tetrafluoroborate (TBA-TFB) as a supporting electrolyte. The
electrodes were dipped in 8 mL of the monomer solution. The
polymer layers deposition was carried out through cyclic vol-
tammetry (CV). The GC electrode was scanned in a potential

Fig. 1 Chemical structure of 4,4'-bis(2-methyl-3-butyn-2-ol)-2,2'-
bithiophene.
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Fig. 4 Redox reaction of EP catalyzed by tyrosinase.

GCE/poly-4,4'-bBT/Tyr + EP 200 uM
GCE/poly-4,4'-bBT + EP 200 uM
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Fig. 2 Scheme of the bioplatform for epinephrine determination — 0
glassy carbon electrode modified with poly-4,4’-bBT and tyrosinase.

range of 0.0-1.4 V vs. Ag/AgCl for 10 cycles, at a scan rate of
100 mV s '. Then, the electrode modified with poly-4,4’-bBT
was washed with dichloromethane. The stability measurement Fig. 5 Representative CV scans of the bare GC electrode (blue line),
of obtained polymeric film was conducted by applying CV in the = GCE modified with poly-4,4'-bBT (red line), and GCE/poly-4,4'-bBT/
L ,

same conditions (potential range 0.0-1.4 Vvs. Ag/AgCl, scan rate Tyr (black line) in the presence of 200 uM EP, and G,CE/pOly'4,’4 -bBT/

£100 mV 71) for 5 cveles in th i lectrol luti Tyr (green line) in the absence of the analyte; applied potential range
0 mV s™") for 5 cycles in the supporting electro yte so ution. 5 5_0.8V, scan rate 50 mV s, vs. Ag/AgCL

In the next step, tyrosinase was immobilized on the modified

electrode. Physical immobilization is a simple and inexpensive
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Fig. 3 (A) Representative AFM topography maps and surface 3D views of electrode surfaces modified with poly-4,4’-bis(2-methyl-3-butyn-2-
ol)-2,2’-bithiophene and (B) poly-4,4’-bis(2-methyl-3-butyn-2-ol)-2,2'-bithiophene with tyrosinase; 5 x 5 um.
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Fig. 6 DPV-scans for different concentrations of EP in a range of 1-
200 pM.
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method, however, it poses a risk of potential desorption of the
biocatalyst during measurements.*® To minimize this possi-
bility, a cross-linker, e.g. glutaraldehyde (GA), is often employed
for a more secure immobilization of enzymes onto the electrode
surface. In this study, the immobilization process of tyrosinase
onto the modified GCE was provided by physical adsorption
with GA in PBS buffer (pH = 7.0) at room temperature. Physical
adsorption lasted for 2 h, after which the setup was cross-linked
with glutaraldehyde (for 20 minutes). The excess of unbound
protein was washed with phosphate (pH = 7.0), acetate (pH =
5.2) and Tris-HCI (pH = 7.2) buffers.

Enzyme immobilized by physical adsorption with a cross-
linker does not require further activation. According to this
procedure, a modified GCE/poly-4,4-bBT/Tyr electrode was ob-
tained (Fig. 2) and stored at 4 °C when not in use.

For the visualization of the topography of the GCE modified
surface to determine the polymer film structure, as well as the
bioplatform creation, atomic force microscopy (AFM) was
adopted. All measurements were performed using Bruker
MultiMode V microscope. The analyses were performed in

/ ' 65
164 / A A
%
/ 60 - A
14 b 3
_ P #
i(:; L% 2551 7
= 124 / R?=0.993 :1 _ i R?=0.992
%
50 P
P e
p | /i
10 A P
i 45 1 S
' "
8 T T T T T 40 T T T T T T
0 5 10 15 20 30 60 90 120 150 180 210
C (uM) C (um)
70
60
50
40
£l .
— 304
20
104
0 T T T g T ® T
0 50 100 150 200

C (uM)

Fig. 7 Relationship between EP concentration and current (biosensor response): (A) — in a low concentration range (1-20 puM), (B) — in a high
concentration range (30-200 pM), (C) — in a full concentration range (1-200 uM).
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Table 1 Analytical parameters of the calibration straight of GCE/poly-4,4'-bBT/Tyr with the DPV technique

Intercept
Linear range R Slope (a) SD of slope (b) SD of intercept
1-20 uM 0.993 0.408 1.37 x 103 8.651 0.1
30-200 pM 0.992 0.136 0.67 x 107° 37.24 0.8

15

12

T T T T T T T T
4100 0 100 200 300 400 500 600 700
t(s)

Fig. 8 Current/time response of different concentrations of EP in the
range of 10-200 pM.

12

R?=0.979

T T T T
0 20 40 60 80 100 120 140 160
C (uM)

Fig. 9 Linear relationship of current and EP concentration (10-200
uM).

Table 2 Analytical parameters of the calibration straight of GCE/poly-
4,4'-bBT/Tyr with the CA technique

Linearity R? Slope SD of slope Intercept SD of intercept

10-200 pM  0.979 0.179 1.16 x 10> 3.012 0.4

25346 | RSC Adv, 2022, 12, 25342-25353

tapping mode under air-ambient conditions (25 °C and 35%
relative humidity) and with a scanning speed of 3 um s~ . The
standard etched rotated silicon tips were used with a tip radius
<10 nm and nominal resonance frequency of 300 kHz cutting
edge.

2.3. Electrochemical measurements

For EP determination, cyclic voltammetry (CV), differential
pulse voltammetry (DPV), and chronoamperometry (CA) were
applied with a potentiostat/galvanostat AUTOLAB PGSTAT128N
with NOVA software. Measurements were carried out in a typical
three-electrode system in a 10 mL cell. The GC electrode
unmodified or modified with a thin polymer film of poly-4,4'-
bBT and tyrosinase was used as a working electrode, a coiled
platinum wire as an auxiliary electrode, and a silver-silver
chloride electrode (Ag/AgCl) as a reference. CV measurements,
showing the entire redox cycle, were carried out by repeated
potential scanning in the range of —0.2-0.8 V. All electro-
chemical measurements were performed at a scan rate of 50 mV
s~', at room temperature under air-opened conditions. DPV
measurements, used for linear range determination, were
executed in the same potential range (—0.2-0.8 V). For
comparison, the linearity was also calculated by CA at 0.3 V
potential.

2.4. Electrochemical detection of epinephrine

The EP determination was conducted as described in Section
2.3. CV results were executed in a potential range from —0.2 to
0.8 V vs. Ag/AgCl for 3 cycles each, at a scan rate of 50 mV s~ .
The DPV and CA analysis of EP were provided in the same
potential range (—0.2-0.8 V) vs. Ag/AgCl. To analyze the possi-
bility of the biosystem working under open-air conditions at
room temperature, all electrochemical measurements were
performed under such conditions. Substrate solutions of EP in
a concentration range of 1-200 uM were prepared in 0.1 M PBS
buffer at pH = 7.0 (the same conditions as during enzyme
immobilization). For the measurements, the electrochemical
cell was filled with 8 mL of fresh EP solutions. The current
response was proportional to the given concentration.

2.5. Selectivity test

Interfering substances (ascorbic acid (AA), uric acid (UA),
dopamine (DA), r-cysteine (CYS) and a mix of all interfering
substances (MIX)) in the concentration of 50 pM were added to
EP standard solution in the concentration of 25 pM (volume
ratio 1: 1) to test an influence of their presence (in excess in
comparison to EP) on the analyte detection using DPV method.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of biosensors for EP detection; GCE — glassy carbon electrode, Tyr — tyrosinase

Biosensor/sensor Technique Linear range LOD Ref.
1 GCE/CuO nanorods DPV 0.04-14 pM 20 nM 60
2 Au/poly-4,7-bis(5-(pyridin-2-yl)thiophen-2-yl) benzo[c][1,2,5]thiadiazole/Tyr CA 0.1-50 pM 0.06 pM 61
3 CP/MWCNT/Tyr/Nafion DPV 5 uM-50 mM 300 nM 62
4 GR/Au/GCE Ccv 50 nM-8 uM 7 nM 63
5 GCE/poly-4,4-bBT/Tyr DPV 30-200 uM 1.03 nM This work
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Fig. 10 Reproducibility of the biosensor.
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Fig. 11 The effect of interfering substances (in excess) on epinephrine
(EP) determination; DA — dopamine, NE — norepinephrine, UA — uric
acid, AA — ascorbic acid.

Table 4 Results obtained for EP determination based on proposed
method

Concentration of

EP in a real sample (UtM)  Cgetectea (MM)  Recovery (%)  RSD (%)

50.00 49.12 98 +1.32

© 2022 The Author(s). Published by the Royal Society of Chemistry

2.6. Accuracy test

The EP detection accuracy test was performed using DPV anal-
ysis in a pharmaceutical drug - Adrenalinum WZF 300 pg/0.3
mL, produced by a pharmaceutical company Polfa Warszawa
in Poland.

3. Results and discussion

3.1. Characterization of poly-4,4’-bis(2-methyl-3-butyn-2-ol)-
2,2/-bithiophene and the bioplatform

Immobilization of an enzyme onto the electrode surface plays an
extremely important role in the performance characteristics of
biodevices, however, biological elements have to be directly
attached to the surface of the transducer to obtain good sensitivity
and a long operational life.** Conductive polymers are widely used
in the construction of biosensors due to their easy modification
(which is fundamental for proper protein anchoring). Further-
more, they possess excellent electrical properties which allow
bioinformation conversion into electrical response and therefore
make it possible to obtain lightweight, ultra-conformable but also
portable devices.***> What is more, conductive polymers act as
mediators in electrochemical measurements by improving elec-
tron transfer between the enzyme's active center and the elec-
trode. The electropolymerization of monomers to obtain redox-
active and conductive polymer layers depends on the mono-
mer's oxidation potential. In case of thiophene derivatives, high
potential values during electrosynthesis may cause degradation of
the polymer. To solve this inconvenience, thiophene units may be
linked with aliphatic chains or hydroxylic groups, which reduce
the oxidation potential to allow obtaining a stable polymer layer
on the electrode surface.*

In this report, a polymer built of a thiophene derivative was
electrochemically synthesized on the GCE surface in the pres-
ence of 0.1 M TBA-TFB supporting electrolyte.

The polymeric film based on a polythiophene derivative,
obtained by electrodeposition, is bonded to the surface of the
electrode via electrostatic interactions, due to mechanical
interactions or decreasing the attack of the metal/polymer
interface by electrolyte delamination.**** Such approach is
suitable for building a conductive polymer that is strongly
connected with the electrode surface. In addition, introducing
some functional groups, such as -COOH, -OH, could improve
electrical conductivity and, what is most important, allow for
the protein immobilization onto its surface.

Polythiophene film was obtained using the cyclic voltam-
metry technique by cycling the potential in the range of 0-1.4 V
and the polymerization lasted for 10 cycles. This number of

RSC Adv, 2022, 12, 25342-25353 | 25347
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cycles forms a stable polymer film with an appropriate thick-
ness on the electrode surface. The electrosynthesis of poly-4,4’-
bBT formed the electroactive polymer layer on the GCE surface.
The optimal potential range for the oxidation potential of the
monomer was experimentally determined with a DPV
measurement in the potential range of 0-2 V via Ag/AgCl as
a reference electrode. GC electrode modified with electro-
chemically synthesized polymer, as described above, was stable
for 4 months and stored at 4 °C when not used, which was then
confirmed with CV measurements. The temperature during
measurements was room temperature, equal to 21 °C.

Onto the GC electrode, electrochemically modified with thin
poly-4,4’-bBT film, the bioreceptor layer — tyrosinase — was
immobilized according to the description in Section 2.2.

The morphology of modified electrodes with the thiophene
derivative (GCE/poly-4,4’-bBT and GCE/poly-4,4’-bBT/Tyr) was
analyzed using atomic force microscopy (AFM). The AFM
topography maps and surface 3D views of the polymeric film
and the biorecognition element are presented in Fig. 3.

Obtained polymer, visible in Fig. 3A, formed a highly glob-
ular, accurate, and very tightly packed layer with a relatively
right structural integrity, as well as high stability of the film,
indicating that protein can be successfully attached to the
polymeric layer. To certify the effective immobilization of
tyrosinase onto GCE modified with poly-4,4’-bBT, another AFM
analysis was conducted. Results shown in Fig. 3B reveal that the
enzyme covered the surface of the polymer and changed the
morphology to a smoother, less globular, and less “strict”
structure. The bioreceptor is responsible for the direct recog-
nition of the analyte, therefore less rigid structure is very
important, as it allows the enzyme to expose its active center
and catalyze the specific reaction, which is the basis of the
detection. Furthermore, as may be observed in Fig. 3, the
thickness of the polymeric film is approximately 90 nm, but
after protein anchoring, the thickness increases up to 1.3 um.

3.2. Detection assay for epinephrine

Many analytical techniques for the determination of neuro-
transmitters are reported in the literature, for instance, high
performance liquid chromatography (HPLC), capillary electro-
phoresis, spectrophotometry, or gas chromatography.***
Nonetheless, most of these procedures are expensive, do not
allow continuous monitoring, are active only for a short time, or
have low sensitivity and selectivity. They often require complex
pre-treatment steps and expensive laboratory equipment. Elec-
trochemical biosensors provide an inexpensive and easily
operable analytical method for a selective, sensitive, and fast
neurotransmitters detection with a potential for miniaturiza-
tion.”” The electrochemical nature of epinephrine is pH-
dependent, as was first observed by Ralph Adams in 1967.** At
physiological pH (near 7) and catalyzed by oxidoreductases,
such as tyrosinase, epinephrine is oxidized to epinephrine
quinone with the following loss of two electrons, as presented in
Fig. 4, which can be electrochemically observed.

However, the electrochemical determination of neurotrans-
mitters like epinephrine may be complicated. It is difficult to

25348 | RSC Adv, 2022, 12, 25342-25353
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detect EP because of its rapid metabolism. Furthermore, at
a bare GC electrode, it is oxidized at a potential near the most
significant interferent species present in the human body, like
ascorbic acid (AA) or uric acid (UA). The oxidized neurotrans-
mitter can catalyze the oxidation of AA, which results in the
generation of a single broad peak for both analytes.*>** This is
why selective determination of EP in the presence of typical
interfering species is very often challenging. Another critical
problem associated with the detection of catecholamines is the
passivation of the electrode surface due to the polymerization of
the oxidation products of catecholamines.*>*® A further crucial
problem may be the passivation of the oxidation intermediates
at the electrode surface during neurotransmitters measure-
ments. To avoid mentioned inconveniences, a carbon electrode
can be applied, like GCE with electrochemical pretreatment,
due to its simplicity, efficiency, and low cost, as well as resulting
in undistorted, well-defined, and reproducible signals.”
Another solution is based on using surface modifications that
prevent passivation,*® such as modification of the electrode
surface by fouling resistant, strongly absorbable polymers and
by enzymes, which also improve the selectivity of biosensors
(help avoid the influence of AA, UA).

In the research reported here, EP was determined in a wide
concentration range (1-200 pM) using described detection
system based on GCE/poly-4,4-bBT/Tyr. EP solutions were
prepared in PBS buffer (pH = 7.0) which is the most optimal for
enzyme work.

Fig. 5 presents the voltammogram of a bare GC electrode,
GCE modified with poly-4,4’-bBT, and the whole detection bio-
platform GCE/poly-4,4’-bBT/Tyr, recorded in the presence of 200
UM EP using a cyclic voltammetry technique, which allows for
observations of the whole redox process (potential range —0.2-
0.8 V, scan rate 50 mV s~ ). In addition, the background signal
(from the buffer) is also presented in the voltammogram.
Chosen potential range allows observation of EP oxidation
reaction occurring in a potential range of 0.2-0.5 V (anodic
direction). The signals of epinephrine oxidation at the bare GCE
(blue line) are slightly visible, which indicates the lowest
possibilities of EP redox reaction. The highest anodic peak
(enzymatic oxidation of EP to EP-quinone) is observed for GCE
modified with a polymer layer and enzyme presence (black line),
at a potential value of 0.3 V, characteristic for EP at pH = 7.0,
PBS buffer. It is generally known that the electro-oxidation of
phenols is a barely reversible process with the subsequent
blockage of the electrode by oxidation products, however
a reduction of EP-quinone to EP is slightly visible as a cathodic
small signal near 0.1 V, which may indicate a semi-reversible
system, but in a very limited range. As can be observed, the
constructed bioplatform GCE/poly-4,4'-bBT/Tyr showed the
highest current value at 12 pA, which indicates high enzymatic
activity for EP oxidation. Tyrosinase catalyzes the oxidation of
epinephrine to epinephrine-quinone, which can then be elec-
trochemically reduced at low potential values.*

To obtain operational parameters of biosensors, such as
linearity and detection limit, differential pulse voltammetry
(DPV) and chronoamperometry (CA) were used, and the results
were compared. In DPV, the potential is scanned with a series of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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pulses and the current is measured at two points for each pulse,
the first one just before the application of the pulse, and the
second at the end of the pulse. These sampling points are
selected to allow for the decay of the non-faradaic (charging)
current, which results in higher sensitivity of this technique in
comparison with CV (which is sensitive to residual current).* In
addition, many compounds, like phenols derivatives, are
coupled to homogeneous chemical reactions, where the extent
of charge transfer tends to increase for lower scan rates. This is
why the relative contribution of phenols derivatives with slower
coupled chemical reactions is higher for DPV than for CV.>* CA
is a time-dependent technique, where a square-wave potential is
applied to the working electrode.* In this method, increases or
decreases in the diffuse analyte layers at the working electrode
surface cause changes in current values. By the IUPAC defini-
tion, the diffuse layer is equal to the surrounding region of an
electrode in which the analyte concentrations are different from
those in the bulk solution. When a proper potential is applied to
the measurement system, the analyte's local concentration falls
to zero. Under these conditions, the occurring gradient of the
analyte's concentration supplies analyte diffusion from the bulk
solution to the surface of the working electrode.”***

DPV and CA results were compared and validation parame-
ters were obtained. A DPV voltammogram is presented in Fig. 6,
where oxidation signals precisely correspond to the given EP
concentration. Changes in current increase proportionally with
the concentration of EP in a range of 1-200 uM. Fig. 7A repre-
sents the linearity based on the DPV method of the GCE/poly-
4,4'-bBT/Tyr for a lower concentration range (1-20 uM) with an
excellent linear response to EP (linear coefficient R* = 0.993). In
addition, Fig. 7B shows the linearity obtained for a higher
concentration range (30-200 uM), where a linear response of EP
is observed with a linear coefficient almost as high as in the
lower concentration range (R> = 0.992). Both results gave
a highly linear response (R’ close to 1) to EP and show that the
present analytical biosystem is suitable in a wide concentration
range. Further parameters for the analytical validation are
shown in Table 1.

For comparison, the CA technique was employed for testing
the linear response of EP in a range of 1-200 uM. The current/
time response of the biosensor GCE/poly-4,4-bBT/Tyr is pre-
sented in Fig. 8. First of all, high noise is seen during the
measurements, increasing with the EP concentration. Further-
more, low concentrations of EP (1-9 uM) were not detectable.
Obtained results may be caused by the fact that sampled current
value is dependent on the sampling time. The application of CA
may be problematic for distinguishing different concentrations
by two overlapping I-¢ curves at the steady state.®> As happened
in this case, in CA the sample value may be out of the
measurement range. Besides the fact that CA allows for time-
dependent monitoring, in order to obtain high signal/noise
values (mainly at low concentration values) and a wide linear
range, the DPV method showed much better reproducibility,
making the DPV experiment reliable. This is why the DPV
method was chosen for the investigation of the behavior of the
biosensor. Fig. 9 shows the dependence of current on EP
concentration measured by CA obtained in a range of 10-200
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uM, with R* = 0.979. As can be observed, in the concentration
range of 10-60 uM, the current signal is proportionally
increasing with the concentration of EP, suggesting a first order
reaction. At further increases in epinephrine concentration (60-
120 pM), the current increases slowly, and the enzymatic reac-
tion may show a transition to a zero-order reaction,* which
confirms results obtained from the DPV technique for this
biosystem based on tyrosinase.

Analytical parameters of obtained slope from the CA method
are presented in Table 2.

Moreover, from the calibration data, the Hill coefficient (h)
can be calculated to check the enzymatic activity of the designed
system GCE/poly-4,4’-bBT/Tyr. This parameter reflects the
binding of analytes by the enzyme's active center; in other
words, it may inform about the cooperative effect between the
occupied active sites.> The Hill coefficient was calculated by
representing log[l/(Imax — I)] vs. log[C] (logarithm of the analyte
concentration) of the enzymatic oxidation of EP on the electrode
surface, from the DPV method (in higher ranges). Obtained
result is very close to unity, indicating a positive cooperative
effect (h = 1.04 + 0.02; R> = 0.989), and allows calculating other
kinetic parameters from the Michaelis-Menten kinetics, where
enzyme-based reaction fits. Adapted Lineweaver-Burk eqn (1)
was used for the calculation of the Michaelis—-Menten constant
and the maximum current response:

1 1 Ky
1= oo T x [0 ()

where I is the current, I, is the steady-state current, Ky is the
apparent Michaelis-Menten constant, and [C] is the concen-
tration of the analyte (EP).* I, and Ky, values were estimated
from the intercept (Imax) and slope (Ky) and were equal to 0.27
pA and 53.18 pM, respectively. The small value of I,,,.x, which is
the maximum current under saturated substrate conditions
(corresponds to the maximum rate of enzymatic reaction Viax,
according to Michaelis-Menten kinetics), and the high value of
Ky, indicate high sensitivity of constructed biosensor
system.*’
The detection limit was calculated as:

LOD = 3.29 % )
where oy is the standard deviation of the population of blank
responses and b is the slope of the regression line.*® For the low
concentration range (1-20 pM), the theoretical, calculated LOD
was equal to 0.18 nM, whereas for the high concentration range
(30-200 uM), it was equal to 1.03 nM for the DPV analysis and
125 nM in case of CA. However, the LOD obtained based on the
results is equal to the minimum concentration of the analyte - 1
uM - that was determined with the constructed bioanalytical
system. Obtained detection limits are very promising in case of
real EP determination. The physiological level of EP in body
fluids is 0.7 nM, however, in the presence of cardiovascular
disorders, the concentration may increase up to 500 nM.***” EP
monitoring is extremely important for diabetes and patients
with cardiological disorders due to its function as a regulator of
blood pressure, glucose, and water/fluid imbalance.>®** Hence,
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obtained values of LOD are very promising in this context and
are better than other biosensor systems described in the liter-
ature (Table 3).

The limits of quantification (LOQ) were also determined
(calculated using eqn (3)) and were equal to 0.49 nM (DPV, low
concentration range), 2.77 nM (DPV, high concentration range),
and 337.5 nM (CA technique).

LOQ =5 % (3)
where o3 is the standard deviation of the population of blank
responses and b is the slope of the regression line.*® Further-
more, the sensitivity of the proposed biosensor, calculated as
the slope of the linearity graph divided by the geometry/active
area of the biosensor, was found to be 0.0011 pA mM ™' em™2.
Another parameter was calculated for total enzyme surface
coverage, using the Laviron eqn (4):

W FAT
"= TART “
where I,, is the peak current (A), n is the number of electrons, Fis
the Faraday constant (96 485.3365 C mol ), v is the potential
scan rate (V s~ '), 4 is the electrode area (cm?), T is the surface
coverage (mol cm™?), R is the ideal gas constant (8.3144621 ]
K ' mol "), T is the temperature (K).*’

Obtained value of the total surface coverage was 4.18 x
10" mol em ™2, which stays in agreement with the literature
data.*® In addition, immobilization of the enzyme onto the
polymer surface preserves a high catalytic activity of tyrosinase.

To examine storage stability, DPV analysis of GCE/poly-4,4'-
bBT/Tyr in 200 uM EP solution under optimal conditions
(0.1 M PBS at pH = 7.0) was performed. The biosensor was
stored at 4 °C when not in use. The measurements were recor-
ded over 60 days. On the first day, the current response of the
biosensor was accepted as 100%, and after 45 days the
biosensor activity remained at 73%. After 60 days the current
response was 57% of the initial value. The stability of described
biosensor was 49 days, when the signal obtained a value of 70%
of the initial response.

The reproducibility of electrode-to-electrode was tested by
preparing three biosensing systems under the same conditions
(Fig. 10). These experiments were conducted under optimal
experimental conditions for 100 uM EP (0.1 M PBS, pH = 7.0).
The relative standard deviation (RSD%) was obtained as 2.7%.

3.3. Selectivity test

In the construction of biosensor devices, selectivity is a vital
operational parameter. It provides information on the possi-
bility of the detection of only the interesting analyte from
a mixture. The most common compounds present in human
body fluids, as well as species which possess similar oxidation
potential and similar structure to EP, were investigated as
possible interfering substances, i.e. dopamine (DA), norepi-
nephrine (NE), uric acid (UA), ascorbic acid (AA) and a mix of all
analyzed species. Solutions of each compound were added (in
twice the excess) to solutions of EP. The current response from
the DPV technique was compared to the signal obtained from
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EP. As can be seen in Fig. 11, there is a negligible effect of the
interfering species on the EP determination, confirming the
high selectivity of described tyrosinase-based biosensor. All
tested reagents had a negligible effect (<1.3%) on the peak
current of the samples compared to the blank (0.7% DA, 1.1%
NE, 0.6% UA, 1.6% AA, 1.2% MIX).

3.4. Accuracy test

The real sample analysis was conducted with a pharmaceutical
product — a drug Adrenalinum WZF produced by Polfa Wars-
zawa, Poland. The accuracy of proposed method gives infor-
mation about the practicability of the introduced study for
future application. The drug was diluted to obtain the final
concentration of 50 uM in 0.1 M PBS buffer (pH = 7.0). Recovery
and RSD values are reported in Table 4. Obtained recovery value
(calculated as a ratio of detected concentration to the real
concentration of EP in the real samples (%)) is very good (98%)
and demonstrates that the proposed strategy is suitable for the
real detection of this neurotransmitter. Biosensors need
particular and careful calibration to reach satisfactory accuracy
during fabrication.®* The Clinical and Laboratory Standards
Institute (CLSI; EP05-A3, EP24-A2, EP25-A) demands a value of
the variation coefficient less than 10% for parameters such as
accuracy, stability, and reproducibility.®* In case of our study,
obtained accuracy value fits these standards. For reaching
a high accuracy value in biosensors, crucial steps are proper
modification regarding the electrode and the use of a proper
mediator - presented here enzymatic biosensor offers easy to
prepare and direct interaction (without the need of a label) with
the investigated analyte, which increases the accuracy of
described bioanalytical system.*

4. Conclusions

The crucial problem in the design of enzymatic electrodes is to
enhance the speed and reversibility of charge transfer between
the enzyme and the electrode. Organic polymers are the most
versatile and effective molecular scaffolds for functional mate-
rials with significantly improved optical and electronic proper-
ties. In this work, a polymer based on a thiophene derivative,
poly-4,4’-bis(2-methyl-3-butyn-2-ol)-2,2"-bithiophene (poly-4,4'-
bBT), on a GC electrode was used as a semi-conductive,
electron-mediated matrix for tyrosinase anchoring. Tyrosinase
was used as a biorecognition element for selective and sensitive
determination of epinephrine. The biodetection platform for EP
determination was then constructed as GCE/poly-4,4’-bBT/Tyr,
which was confirmed by AFM analysis. EP was detected using
DPV and CA techniques, which demonstrate very good opera-
tional parameters of described biosensing assay. The DPV
technique presented a wide linear range (1-20 uM and 30-200
puM) and a low detection limit (0.18 nM and 1.03 nM for the
lower and higher concentrations, respectively). In case of
chronoamperometry, a high signal-to-noise ratio and lower
reproducibility were observed, causing a less broad linear range
(10-200 uM) and a higher detection limit (125 nM). Therefore,
a DPV technique was used for the calculation of sensitivity

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(0.0011 A mM " ecm ™ ?), stability (49 days), and total surface
coverage (4.18 x 10~ "> mol~" ¢cm?). The biosensor also showed
a very high selectivity in the presence of common interfering
species (i.e. AA, DA, NE, UA), as all examined interfering
substances have a slight effect on the signal during ampero-
metric measurements (=1.3%). Obtained biosensor was
successfully validated for the proposed strategy of a pharma-
ceutical formulation (recovery value of 98.24%). All these char-
acteristics establish a convenient, stable, simple, and long-term
technique for epinephrine detection that could be recom-
mended as an excellent bio-tool for diagnostic purposes.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors gratefully acknowledge the financial support to
Wroclaw University of Science and Technology and Universita
degli Studi di Sassari (research fund “Fondo di Ateneo per la
ricerca 2020”).

References

1 S. E. Hyman, Neurotransmitters, Curr. Biol., 2005, 15, R154-
R158, DOI: 10.1016/j.cub.2005.02.037.

2S. J. G. Lewis and R. A. Barker, Understanding the
dopaminergic deficits in Parkinson's disease: Insights into
disease heterogeneity, J. Clin. Neurosci., 2009, 16, 620-625,
DOI: 10.1016/j.jocn.2008.08.020.

3 E. R. Peskind, R. Elrod, D. J. Dobie, M. Pascualy, E. Petrie,
C. Jensen, K. Brodkin, S. Murray, R. C. Veith and
M. A. Raskind, Cerebrospinal Fluid Epinephrine in
Alzheimer's Disease and Normal Aging,
Neuropsychopharmacology, 1998, 19, 465-471, DOI: 10.1016/
$0893-133x(98)00054-2.

4 S. Baluta, A. Swist, J. Cabaj and K. Malecha, Point-of-care
testing - Biosensor for norepinephrine determination,
International Journal of Electronics and Telecommunications,
2020, 66, 369-372, DOL: 10.24425/ijet.2020.131887.

5 L. C. Clark and C. Lyons, Electrode Systems for Continuous
Monitoring in Cardiovascular Surgery, Ann. N. Y. Acad. Sci.,
1962, 102, 29-45, DOI: 10.1111/j.1749-6632.1962.tb13623.x.

6 M. Santandreu, S. Alegret and E. Fabregas, Determination of
B-HCG using amperometric immunosensors based on
a conducting immunocomposite, Anal. Chim. Acta, 1999,
396, 181-188, DOI: 10.1016/s0003-2670(99)00436-5.

7 D. Yu, B. Blankert, E. Bodoki, S. Bollo, J. C. Viré,
R. Sandulescu, A. Nomura and ]J. M. Kauffmann,
Amperometric biosensor based on horseradish peroxidase-
immobilised magnetic microparticles, Sens. Actuators, B,
2006, 113, 749-754, DOI: 10.1016/j.snb.2005.07.026.

8 A. Kueng, C. Kranz and B. Mizaikoff, Amperometric ATP
biosensor based on polymer entrapped enzymes, Biosens.
Bioelectron., 2004, 19, 1301-1307, DOL 10.1016/
j-bi0s.2003.11.023.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

9 J. Wang, Electrochemical biosensors: Towards point-of-care
cancer diagnostics, Biosens. Bioelectron., 2006, 21, 1887-
1892, DOL: 10.1016/j.bi0s.2005.10.027.

10 P. D'Orazio, Biosensors in clinical chemistry, Clin. Chim.
Acta, 2003, 334, 41-69, DOI: 10.1016/s0009-8981(03)00241-9.

11 M. ]J. Schoning and A. Poghossian, Recent advances in
biologically sensitive field-effect transistors (BioFETSs),
Analyst, 2002, 127, 1137-1151, DOI: 10.1039/b204444g.

12 R. Brian, Eggins, Chemical Sensors and Biosensors, Wiley,
2002, https://www.wiley.com/en-us/
Chemical+Sensorst+and+Biosensors-p-9780471899143,
accessed February 1, 2022.

13 D. K. Gosser, Cyclic Voltammetry: Simulation and Analysis of
Reaction Mechanisms, Wiley-VCH, 1993.

14 D. Grieshaber, R. MacKenzie, J. Vorés and E. Reimhult,
Electrochemical Biosensors - Sensor Principles and
Architectures, Sensors, 2008, 8, 1400-1458, DOI: 10.3390/
$80314000.

15 K. Scott, Electrochemical principles and characterization of
bioelectrochemical systems, in Microbial Electrochemical
and Fuel Cells: Fundamentals and Applications, Woodhead
Publishing, 2016, pp. 29-66, DOIL: 10.1016/b978-1-78242-
375-1.00002-2.

16 M. W. Hsiao, R. R. Adzi¢ and E. B. Yeager, Electrochemical
Oxidation of Glucose on Single Crystal and Polycrystalline
Gold Surfaces in Phosphate Buffer, J. Electrochem. Soc.,
1996, 143, 759-767, DOL: 10.1149/1.1836536/xml.

17 H. E. Zittel and F. J. Miller, A Glassy-Carbon Electrode for
Voltammetry, Anal. Chem., 1965, 37, 200-203, DOI:
10.1021/a¢60221a006.

18 S. B. Hall, E. A. Khudaish and A. L. Hart, Electrochemical
oxidation of hydrogen peroxide at platinum electrodes.
Part II: effect of potential, Electrochim. Acta, 1998, 43,
2015-2024, DOI: 10.1016/s0013-4686(97)10116-5.

19 A. J. Veloso, X. R. Cheng and K. Kerman, Electrochemical
biosensors for medical applications, in Biosensors for
Medical Applications, Woodhead Publishing, 2012, pp. 3-
40, DOI: 10.1533/9780857097187.1.3.

20 A. K. Pannier, J. A. Wieland and L. D. Shea, Surface
polyethylene glycol enhances substrate-mediated gene
delivery by nonspecifically immobilized complexes, Acta
Biomater., 2008, 4, 26-39, DOI: 10.1016/j.actbio.2007.08.008.

21 I. Markovich and D. Mandler, Disorganised self-assembled
monolayers (SAMs): the incorporation of amphiphilic
molecules, Analyst, 2001, 126, 1850-1856, DOI: 10.1039/
b107068c.

22 1. Felhosi, J. Telegdi, G. Palinkas and E. Kalman, Kinetics of
self-assembled layer formation on iron, Electrochim. Acta,
2002, 47, 2335-2340, DOI: 10.1016/s0013-4686(02)00084-1.

23 E. Lafuente, E. Mufnoz, A. M. Benito, W. K. Maser,
M. T. Martinez, F. Alcaide, L. Ganborena, 1. Cendoya,
0. Miguel, J. Rodriguez, E. P. Urriolabeitia and R. Navarro,
Single-walled carbon nanotube-supported platinum
nanoparticles as fuel cell electrocatalysts, J. Mater. Res.,
2006, 21, 2841-2846, DOI: 10.1557/jmr.2006.0355.

24 K. Allmér, J. Hilborn, P. H. Larsson, A. Hult and B. Ranby,
Surface modification of polymers. V. Biomaterial

RSC Adv, 2022, 12, 25342-25353 | 25351


https://doi.org/10.1016/j.cub.2005.02.037
https://doi.org/10.1016/j.jocn.2008.08.020
https://doi.org/10.1016/s0893-133x(98)00054-2
https://doi.org/10.1016/s0893-133x(98)00054-2
https://doi.org/10.24425/ijet.2020.131887
https://doi.org/10.1111/j.1749-6632.1962.tb13623.x
https://doi.org/10.1016/s0003-2670(99)00436-5
https://doi.org/10.1016/j.snb.2005.07.026
https://doi.org/10.1016/j.bios.2003.11.023
https://doi.org/10.1016/j.bios.2003.11.023
https://doi.org/10.1016/j.bios.2005.10.027
https://doi.org/10.1016/s0009-8981(03)00241-9
https://doi.org/10.1039/b204444g
https://www.wiley.com/en-us/Chemical+Sensors+and+Biosensors-p-9780471899143
https://www.wiley.com/en-us/Chemical+Sensors+and+Biosensors-p-9780471899143
https://doi.org/10.3390/s80314000
https://doi.org/10.3390/s80314000
https://doi.org/10.1016/b978-1-78242-375-1.00002-2
https://doi.org/10.1016/b978-1-78242-375-1.00002-2
https://doi.org/10.1149/1.1836536/xml
https://doi.org/10.1021/ac60221a006
https://doi.org/10.1016/s0013-4686(97)10116-5
https://doi.org/10.1533/9780857097187.1.3
https://doi.org/10.1016/j.actbio.2007.08.008
https://doi.org/10.1039/b107068c
https://doi.org/10.1039/b107068c
https://doi.org/10.1016/s0013-4686(02)00084-1
https://doi.org/10.1557/jmr.2006.0355
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra04045j

Open Access Article. Published on 06 September 2022. Downloaded on 3/1/2026 1:50:27 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

applications, J. Polym. Sci., Part A: Polym. Chem., 1990, 28,
173-183, DOIL: 10.1002/pola.1990.080280112.

25 S. Bonyadi, K. Ghanbari and M. Ghiasi, All-electrochemical
synthesis of a three-dimensional mesoporous polymeric g-
C3N4/PANI/CdO nanocomposite and its application as
a novel sensor for the simultaneous determination of
epinephrine, paracetamol, mefenamic acid, and
ciprofloxacin, New J. Chem., 2020, 44, 3412-3424, DOIL
10.1039/c9nj05954g.

26 S. Ameen, M. S. Akhtar and H. S. Shin, Hydrazine chemical
sensing by modified electrode based on in situ
electrochemically synthesized polyaniline/graphene
composite thin film, Sens. Actuators, B, 2012, 173, 177-183,
DOLI: 10.1016/j.snb.2012.06.065.

27 P. Pander, R. Motyka, P. Zassowski, M. Lapkowski, A. Swist
and P. Data, Electrochromic Properties of Novel
Selenophene and Tellurophene Derivatives Based on
Carbazole and Triphenylamine Core, J. Phys. Chem. C,
2017, 121, 11027-11036, DOIL: 10.1021/acs.jpce.7b00216.

28 C.Y. Lai, P. ]. S. Foot, J. W. Brown and P. Spearman, A Urea
Potentiometric Biosensor Based on a Thiophene Copolymer,
Biosensors, 2017, 7, 13, DOI: 10.3390/bios7010013.

29 M. Pilo, R. Farre, J. I. Lachowicz, E. Masolo, A. Panzanelli,
G. Sanna, N. Senes, A. Sobral and N. Spano, Design of
Amperometric Biosensors for the Detection of Glucose
Prepared by Immobilization of Glucose Oxidase on
Conducting (Poly)Thiophene Films, J. Anal. Methods Chem.,
2018, 2018, 1849439, DOI: 10.1155/2018/1849439.

30 F. Rusmini, Z. Zhong and J. Feijen, Protein Immobilization
Strategies for Protein Biochips, Biomacromolecules, 2007, 8,
1775-1789, DOI: 10.1021/bm061197b.

31 B. Lakard, Electrochemical Biosensors Based on Conducting
Polymers: A Review, Appl. Sci., 2020, 10, 6614, DOI: 10.3390/
app10186614.

32 S. Lanzalaco and B. G. Molina, Polymers and Plastics
Modified Electrodes for Biosensors: A Review, Molecules,
2020, 25, 2446, DOI: 10.3390/molecules25102446.

33 M. Lapkowski, P. Data, A. Nowakowska-Oleksy, J. Soloducho
and S. Roszak, Electrochemical characterization of alternate
conducting carbazole-bisthiophene units, Mater. Chem.
Phys., 2012, 131,  757-763, DOL  10.1016/
j-matchemphys.2011.10.047.

34 S. M. Mousavi, S. A. Hashemi, S. Bahrani, K. Yousefi,
G. Behbudi, A. Babapoor, N. Omidifar, C. W. Lai,
A. Gholami and W.-H. Chiang, Recent Advancements in
Polythiophene-Based Materials and their Biomedical, Geno
Sensor and DNA Detection, Int. J. Mol. Sci., 2021, 22, 6850,
DOI: 10.3390/ijms22136850.

35 X. Cui, J. F. Hetke, J. A. Wiler, D. J. Anderson and
D. C. Martin, Electrochemical deposition and
characterization of conducting polymer polypyrrole/PSS on
multichannel neural probes, Sens. Actuators, A, 2001, 93, 8-
18, DOI: 10.1016/50924-4247(01)00637-9.

36 P. Nagaraja, R. A. Vasantha and K. R. Sunitha, A sensitive
and selective spectrophotometric estimation of catechol
derivatives in pharmaceutical preparations, Talanta, 2001,
55, 1039-1046, DOI: 10.1016/5s0039-9140(01)00438-6.

25352 | RSC Adv, 2022, 12, 25342-25353

View Article Online

Paper

37 V. Carrera, E. Sabater, E. Vilanova and M. A. Sogorb, A simple
and rapid HPLC-MS method for the simultaneous
determination of epinephrine, norepinephrine, dopamine
and 5-hydroxytryptamine: Application to the secretion of
bovine chromaffin cell cultures, J. Chromatogr. B: Anal
Technol. Biomed. Life Sci., 2007, 847, 88-94, DOI: 10.1016/
j-jchromb.2006.09.032.

38 K. E. Secor and T. E. Glass, Selective amine recognition:
Development of a chemosensor for dopamine and
norepinephrine, Org. Lett., 2004, 6, 3727-3730, DOL:
10.1021/01048625f.

39 N. W. Barnett, B. J. Hindson and S. W. Lewis, Determination
of 5-hydroxytryptamine (serotonin) and related indoles by
flow injection analysis with acidic  potassium
permanganate chemiluminescence detection, Anal. Chim.
Acta, 1998, 362, 131-139, DOI: 10.1016/s0003-2670(98)
00058-0.

40 F. Artigas, M. ]. Sarrias, E. Martinez and E. Gelpi, Serotonin
in body fluids: Characterization of human plasmatic and
cerebrospinal fluid pools by means of a new HPLC
method, Life Sci., 1985, 37, 441-447, DOIL 10.1016/0024-
3205(85)90406-0.

41 L. A. Kartsova, A. A. Sidorova, V. A. Kazakov, E. A. Bessonova
and A. Y. Yashin, Determination of Catecholamines by
Capillary Electrophoresis and Reversed-Phase High-
Performance Liquid Chromatography, J. Anal. Chem., 2004,
59, 737-741, DOI: 10.1023/b:janc.0000037278.13116.1b.

42 J. A. Ribeiro, P. M. V. Fernandes, C. M. Pereira and F. Silva,
Electrochemical sensors and biosensors for determination
of catecholamine neurotransmitters: A review, Talanta,
2016, 160, 653-679, DOI: 10.1016/j.talanta.2016.06.066.

43 M. D. Hawley, S. v. Tatawawadi, S. Piekarski and
R. N. Adams, Electrochemical Studies of the Oxidation
Pathways of Catecholamines, J. Am. Chem. Soc., 1967, 89,
447-450, DOI: 10.1021/ja00978a051.

44 D. C. S. Tse, R. L. McCreery and R. N. Adams, Potential
oxidative pathways of brain catecholamines, J. Med. Chem.,
1976, 19, 37-40, DOI: 10.1021/jm00223a008.

45 R. F. Lane and A. T. Hubbard, Differential double pulse
voltammetry at chemically modified platinum electrodes
for in vivo determination of catechol amines, Anal. Chem.,
1976, 48, 1287-1293, DOI: 10.1021/ac500032009.

46 R. F. Lane and C. D. Blaha, Detection of catecholamines in
brain tissue: surface-modified electrodes enabling in vivo
investigations of dopamine function, Langmuir, 1990, 6,
56-65, DOI: 10.1021/1a00091a009.

47 J. Barek, How to Improve the Performance of
Electrochemical Sensors via Minimization of Electrode
Passivation, Chemosensors, 2021, 9, 12, DOL 10.3390/
chemosensors9010012.

48 L. M. Moretto and K. Kalcher, Environmental Analysis by
Electrochemical Sensors and Biosensors. Volume 2:
Applications, Springer New York, New York, NY, 2015, DOL:
10.1007/978-1-4939-1301-5.

49 A.]. Bard and L. R. Faulkner, Electrochemial Methods, Wiley,
New York, 1980, https://www.wiley.com/en-be/
Electrochemical+Methods%

© 2022 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1002/pola.1990.080280112
https://doi.org/10.1039/c9nj05954g
https://doi.org/10.1016/j.snb.2012.06.065
https://doi.org/10.1021/acs.jpcc.7b00216
https://doi.org/10.3390/bios7010013
https://doi.org/10.1155/2018/1849439
https://doi.org/10.1021/bm061197b
https://doi.org/10.3390/app10186614
https://doi.org/10.3390/app10186614
https://doi.org/10.3390/molecules25102446
https://doi.org/10.1016/j.matchemphys.2011.10.047
https://doi.org/10.1016/j.matchemphys.2011.10.047
https://doi.org/10.3390/ijms22136850
https://doi.org/10.1016/s0924-4247(01)00637-9
https://doi.org/10.1016/s0039-9140(01)00438-6
https://doi.org/10.1016/j.jchromb.2006.09.032
https://doi.org/10.1016/j.jchromb.2006.09.032
https://doi.org/10.1021/ol048625f
https://doi.org/10.1016/s0003-2670(98)00058-0
https://doi.org/10.1016/s0003-2670(98)00058-0
https://doi.org/10.1016/0024-3205(85)90406-0
https://doi.org/10.1016/0024-3205(85)90406-0
https://doi.org/10.1023/b:janc.0000037278.13116.fb
https://doi.org/10.1016/j.talanta.2016.06.066
https://doi.org/10.1021/ja00978a051
https://doi.org/10.1021/jm00223a008
https://doi.org/10.1021/ac50003a009
https://doi.org/10.1021/la00091a009
https://doi.org/10.3390/chemosensors9010012
https://doi.org/10.3390/chemosensors9010012
https://doi.org/10.1007/978-1-4939-1301-5
https://www.wiley.com/en-be/Electrochemical+Methods%3A+Fundamentals+and+Applications%2C+2nd+Edition-p-9780471043720
https://www.wiley.com/en-be/Electrochemical+Methods%3A+Fundamentals+and+Applications%2C+2nd+Edition-p-9780471043720
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra04045j

Open Access Article. Published on 06 September 2022. Downloaded on 3/1/2026 1:50:27 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

3At+Fundamentals+and+Applications%2C+2nd+Edition-p-
9780471043720, accessed February 1, 2022.

50 A. Vilas-Boas, P. Valderrama, N. Fontes, D. Geraldo and
F. Bento, Evaluation of total polyphenol content of wines
by means of voltammetric techniques: Cyclic voltammetry
vs. differential pulse voltammetry, Food Chem., 2019, 276,
719-725, DOL: 10.1016/j.foodchem.2018.10.078.

51 B. Rezaei and N. Irannejad, Electrochemical detection
techniques in biosensor applications, in Electrochemical
Biosensors, Elsevier, 2019, pp. 11-43, DOI: 10.1016/b978-0-
12-816491-4.00002-4.

52 X. Chen and M. Du, An Improved Chronoamperometry for
Electrochemical Real-Time PCR Measurement, Adv. Mater.
Res., 2012, 396-398, 110-114, DOI:  10.4028/
www.scientific.net/amr.396-398.110.

53 I. M. Apetrei and C. Apetrei, Biosensor based on tyrosinase
immobilized on a single-walled carbon nanotube-modified
glassy carbon electrode for detection of epinephrine, Int. J.
Nanomed., 2013, 8, 4391-4398, DOI: 10.2147/ijn.s52760.

54 R. Gesztelyi, J. Zsuga, A. Kemeny-Beke, B. Varga, B. Juhasz
and A. Tosaki, The Hill equation and the origin of
quantitative pharmacology, Arch. Hist. Exact Sci., 2012, 66,
427-438, DOI: 10.1007/s00407-012-0098-5.

55 E. Desimoni and B. Brunetti, Presenting Analytical
Performances of Electrochemical Sensors. Some
Suggestions, Electroanalysis, 2013, 25, 1645-1651, DOI:
10.1002/elan.201300150.

56 E. Wierzbicka, M. Szultka-Mlynska, B. Buszewski and
G. D. Sulka, Epinephrine sensing at nanostructured Au
electrode and determination its oxidative metabolism,
Sens. Actuators, B, 2016, 237, 206-215, DOI: 10.1016/
j-snb.2016.06.073.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

57 S. Baluta, A. Lesiak and J. Cabaj, Graphene Quantum Dots-
based Electrochemical Biosensor for Catecholamine
Neurotransmitters Detection, Electroanalysis, 2018, 30,
1781-1790, DOI: 10.1002/elan.201700825.

58 D. Brondani, C. W. Scheeren, J. Dupont and I. C. Vieira,
Biosensor based on platinum nanoparticles dispersed in
ionic liquid and laccase for determination of adrenaline,
Sens. Actuators, B, 2009, 140, 252-259, DOIL 10.1016/
j-snb.2009.04.037.

59 B. B. Hoffman, Adrenoceptor-Activating & Other
Sympathomimetic Drugs, in Basic & Clinical Pharmacology,
ed. B. G. Katzung, McGraw-Hill Medical, 10th edn, 2006,
https://doctorlib.info/pharmacology/basic/9.html, accessed
February 1, 2022.

60 M. L. Rodriguez Méndez, 1. M. Apetrei and G. Bahrim,
Electrochemical study of polyphenols with amperometric
tyrosinase based biosensors, Rom. Biotechnol. Lett., 2012,
17, 7684-7693. https://uvadoc.uva.es/handle/10324/30706.

61 H. Li, P. Dauphin-Ducharme, G. Ortega and K. W. Plaxco,
Calibration-Free Electrochemical Biosensors Supporting
Accurate Molecular Measurements Directly in Undiluted
Whole Blood, J. Am. Chem. Soc., 2017, 139, 11207-11213,
DOI: 10.1021/jacs.7b05412.

62 L. C. Chen, E. Wang, C. S. Tai, Y. C. Chiu, C. W. Li, Y. R. Lin,
T. H. Lee, C. W. Huang, J. C. Chen and W. L. Chen,
Improving the reproducibility, accuracy, and stability of an
electrochemical biosensor platform for point-of-care use,
Biosens. Bioelectron., 2020, 155, 112111, DOI: 10.1016/
j-bi0s.2020.112111.

63 S. Johnson and T. F. Krauss, Label-free affinity biosensor
arrays: novel technology for molecular diagnostics, Expert
Rev. Med. Devices, 2017, 14, 177-179, DOI: 10.1080/
17434440.2017.1283982.

RSC Adv, 2022, 12, 25342-25353 | 25353


https://www.wiley.com/en-be/Electrochemical+Methods%3A+Fundamentals+and+Applications%2C+2nd+Edition-p-9780471043720
https://www.wiley.com/en-be/Electrochemical+Methods%3A+Fundamentals+and+Applications%2C+2nd+Edition-p-9780471043720
https://doi.org/10.1016/j.foodchem.2018.10.078
https://doi.org/10.1016/b978-0-12-816491-4.00002-4
https://doi.org/10.1016/b978-0-12-816491-4.00002-4
https://doi.org/10.4028/www.scientific.net/amr.396-398.110
https://doi.org/10.4028/www.scientific.net/amr.396-398.110
https://doi.org/10.2147/ijn.s52760
https://doi.org/10.1007/s00407-012-0098-5
https://doi.org/10.1002/elan.201300150
https://doi.org/10.1016/j.snb.2016.06.073
https://doi.org/10.1016/j.snb.2016.06.073
https://doi.org/10.1002/elan.201700825
https://doi.org/10.1016/j.snb.2009.04.037
https://doi.org/10.1016/j.snb.2009.04.037
https://doctorlib.info/pharmacology/basic/9.html
https://uvadoc.uva.es/handle/10324/30706
https://doi.org/10.1021/jacs.7b05412
https://doi.org/10.1016/j.bios.2020.112111
https://doi.org/10.1016/j.bios.2020.112111
https://doi.org/10.1080/17434440.2017.1283982
https://doi.org/10.1080/17434440.2017.1283982
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra04045j

	Differential pulse voltammetry and chronoamperometry as analytical tools for epinephrine detection using a tyrosinase-based electrochemical biosensor
	Differential pulse voltammetry and chronoamperometry as analytical tools for epinephrine detection using a tyrosinase-based electrochemical biosensor
	Differential pulse voltammetry and chronoamperometry as analytical tools for epinephrine detection using a tyrosinase-based electrochemical biosensor
	Differential pulse voltammetry and chronoamperometry as analytical tools for epinephrine detection using a tyrosinase-based electrochemical biosensor
	Differential pulse voltammetry and chronoamperometry as analytical tools for epinephrine detection using a tyrosinase-based electrochemical biosensor
	Differential pulse voltammetry and chronoamperometry as analytical tools for epinephrine detection using a tyrosinase-based electrochemical biosensor
	Differential pulse voltammetry and chronoamperometry as analytical tools for epinephrine detection using a tyrosinase-based electrochemical biosensor
	Differential pulse voltammetry and chronoamperometry as analytical tools for epinephrine detection using a tyrosinase-based electrochemical biosensor
	Differential pulse voltammetry and chronoamperometry as analytical tools for epinephrine detection using a tyrosinase-based electrochemical biosensor

	Differential pulse voltammetry and chronoamperometry as analytical tools for epinephrine detection using a tyrosinase-based electrochemical biosensor
	Differential pulse voltammetry and chronoamperometry as analytical tools for epinephrine detection using a tyrosinase-based electrochemical biosensor
	Differential pulse voltammetry and chronoamperometry as analytical tools for epinephrine detection using a tyrosinase-based electrochemical biosensor
	Differential pulse voltammetry and chronoamperometry as analytical tools for epinephrine detection using a tyrosinase-based electrochemical biosensor
	Differential pulse voltammetry and chronoamperometry as analytical tools for epinephrine detection using a tyrosinase-based electrochemical biosensor

	Differential pulse voltammetry and chronoamperometry as analytical tools for epinephrine detection using a tyrosinase-based electrochemical biosensor
	Differential pulse voltammetry and chronoamperometry as analytical tools for epinephrine detection using a tyrosinase-based electrochemical biosensor
	Differential pulse voltammetry and chronoamperometry as analytical tools for epinephrine detection using a tyrosinase-based electrochemical biosensor


