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Abstract: The research work presented here describes the development of catalytic surfaces
immobilizing dopamine via cross-linking or tyrosinase via covalent bond on an electrografted screen-
printed carbon electrode with a 4-nitrobenzenediazonium ion. A simple electrochemical reduction
approach was used to graft aryldiazonium ions onto commercial electrodes, resulting in the
formation of a covalently bonded aromatic layer on the electrode surface. After functionalization with
aminophenyl groups, dopamine, an important neurotransmitter, was immobilized by imine bond
formation using glutaraldehyde as a bifunctional cross-linking molecule. The presence of
immobilized dopamine was confirmed by cyclic voltammetry following the electrochemical response
of the hydroquinone/quinone redox process from catechol functionalities on the surface, which are
responsible for the catalytic activity. In addition, the surface was also characterized by cyclic
voltammetry using the redox probe, [Fe(CN)s]>/*, obtaining a signal on this catalytic DA-biosensor
about 14 times higher than that of a bare electrode, achieving a dynamic concentration range
spanning three orders of magnitude. Remarkable sensitivity was also obtained by combining the
electrografting, in situ diazotation to generate grafted aryl diazonium ions on the surface and
coupling reaction to anchor the tyrosinase enzyme to the electrode surface. The response of the TYR-
biosensor towards catechol, using the redox probe as mediator, was 10 times higher than that
obtained with the dopamine modified catalytic surface. These modified surfaces offer promising
alternatives for the voltammetric quantification of catechol in environmental fields.

Keywords: aryldiazonium ions; (bio)sensor; dopamine; catechol; tyrosinase; Raman; voltammetry

1. Introduction

Over the past decade, the interest of the scientific community in the electrografting of aromatic
diazonium salts has increased notably [1,2]. This interest is attributable to the stability and
reproducibility of the covalent bond formed between the organic layer and the electrode surface [3-
6]. Specifically, electrochemical grafting of aryldiazonium salts represents a rapid, straightforward
and versatile methodology for surface modification. The formation of a thin or thick film can be
controlled by varying the electrografting conditions (cathodic potential, scan rate and number of
scans), the concentration of the aryldiazonium salt, the use of aqueous or organic solvents, the
temperature and the reaction time [7-11].

The use of aryldiazonium salts represents an elegant approach to modify a range of conductive
substrates, including carbon [12] (glassy carbon [13], HOPG [14], graphene [15], diamond [16], carbon
nanotubes [17]), metals (Au [18], Ni [19], Fe [20] and Pt [21]), semiconductors (Si [22] and BDD [23])
and other conductive polymeric surfaces (PEDOT [24] and ITO [25]). The grafted species can carry a
variety of functional groups depending on the target applications, such as the detection of molecules
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of biomedical, environmental or food interest. Consequently, these organic layers are useful for the
covalent immobilization of biological molecules (antibodies, DNA, enzymes, neurotransmitters and
toxins) in the design of electrochemical sensors [1,26,27].

Tyrosinase (TYR) is a polyphenol oxidase enzyme with an active site consisting of two copper
atoms, which are coordinated to six histidine residues, and is stabilized by disulphide bonds [28].
From clinical point of view, TYR enables catecholase activities, being involved in catecholamine’s
physiological processes in the human body that can influence human health. Moreover, this
metalloenzyme plays a role in melanogenesis, acting as a catalyst in the biosynthesis of melanin
pigments found in human skin and hair. Briefly, in the presence of molecular oxygen as cofactor, TYR
initially hydroxylates monophenolic substrates to produce o-diphenols, which are then oxidized to
form o-quinones [29,30]. For decades and widely described in the bibliography [31-36], many authors
have used its versatile catalytic properties in the field of electrochemical biosensors development for
either point-of-care testing of catecholamines or portable monitoring devices for phenolic detection,
but it has also revealed as a promising molecule for biotechnological applications in environmental
remediation [28].

As stated above, one substrate of TYR is the catecholamine called dopamine (DA) that plays an
important role in the nervous system (neurotransmitter), influencing a multitude of functions such
as motor activity, learning, mood and attention span. DA has been extensively studied by
electrochemical methods due to its electroactive 1,2-dihydroxyphenyl groups and the terminal amino
group which allows the formation of covalent bonds [37]. The interest shown by the scientific
community towards this molecule is double; firstly, its analysis and monitoring in biological fluids
by TYR-enzyme biosensors [38,39] and, secondly, its use as modifier in the design of biosensors for
the determination of other relevant molecules. Several methods for the immobilization of DA on
surfaces can be found in the literature [40-43].

In this context, the present study (based on a granted Patent [44]) focused on the grafting of
organic monolayers by the electrochemical reduction of 4-nitrobenzenediazonium ions (4-NBD*) onto
a screen-printed electrode (SPE). To confirm that the grafting was successful, voltammetric and
spectroscopic techniques were used. Subsequently, two strategies were developed using this grafted
platform. In the first one, DA was covalently immobilized on the aminophenyl-functionalized screen-
printed carbon electrode (SPCE) with glutaraldehyde (GLU) as a cross-linking molecule. The
electrochemical activity of the DA-modified surface was characterized by cyclic voltammetry (CV)
using potassium ferricyanide (Ks[Fe(CN)e]) and catechol (CC) solutions. The redox behavior of the
modified electrode was analyzed to confirm the successful functionalization and to evaluate its
electrocatalytic potential. The second strategy takes advantage of the rich chemistry of
arenediazonium salts by modifying the grafted surface by in situ diazotization of aminophenyl
groups to obtain aryldiazonium ions on it. These generated diazonium ions will be responsible for
immobilizing the TYR enzyme through a coupling reaction where the phenolic residues of the
enzyme covalently bind via azo group (-N=N-) formation. Finally, due to the relevance of catechol
detection in environmental applications, the response of the developed (bio)sensors to this phenolic
contaminant and their comparison were investigated.

2. Materials and Methods

2.1. Reagents and Solution

4-Nitrobenzenediazonium tetrafluoroborate, 4-NBD-, (MW 236.92 g mol", 97 %), GLU (1.06 g
mL", 25 %), CC (> 99 %), DA (98 %), potassium ferricyanide (99 %) and Tyrosinase (1,000 U mg) (EC
1.14.18.1) from mushroom were supplied by Sigma-Aldrich (Burlington, MA, USA). Hydrochloric
acid (37 %) and sulphuric acid (96 %) were acquired from Fluka (Nueva Jersey, USA). Phosphate-
buffered solution (PBS) was prepared with mono and dibasic potassium phosphate (> 99 %) and
TRIS-buffered solution with 2-Amino-2-(hidroximetil)-1,3-propanodiol; the three reagents were
supplied from Panreac (Barcelona, Spain). The pH of PBS or TRIS was measured and adjusted using
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NaOH or HCI (Metrohm Hispania 744 pH-meter, Spain), which were used as a supporting electrolyte
and medium for coupling reaction, respectively. Sodium nitrite (> 99 %) and sodium hydroxide (99
%) were purchased from Riedel-de-Haén. All chemicals were acquired at the highest purity available
and used without further purification. Stock standard solutions of the 4-NBD* were prepared daily
in 1 M HCl and stored in the dark at temperatures close to 0°C to minimize diazotate formation [45].
Ultrapure water was obtained by the reverse osmosis RO1-Compact/C and UV system (x=1.2 uS cm-
1) (Peter Taboada, Spain).

2.2. Instrumentation

Cyclic voltammetric measurements were carried out using an Autolab PGSTAT 30 potentiostat
from Eco-Chemie (KM Utrecht, The Netherlands), controlled by the GPES 4.9 (General Purpose
Electrochemical Experiments) software package and a pStat-100 potentiostat from DropSens
(Metrohm-DropSens, Oviedo, Spain), controlled by the PSLite (PalmSens, CL Houten, The
Netherlands) software. A SPE (0.126 cm? geometric area) from Metrohm-Dropsens was employed as
a miniaturized equivalent of a traditional electrochemical cell. The SPE comprised three electrodes
printed on a ceramic substrate: a working electrode (carbon, carbon modified with Multiwalled
Carbon Nanotubes, MWCNTs, or gold), a silver pseudoreference electrode and an auxiliary electrode
(carbon or gold). In this experimental work, carbon (SPCE), carbon modified with Multiwalled
Carbon Nanotubes (MWCNT-SPCE) and gold with high temperature (AuAT-SPE) and low
temperature (AuBT-SPE) cured inks SPEs were used. The SPE was connected to the potentiostat via
a SPE connector (Metrohm-Dropsens), which served as an interface, and it was placed inside a
Faraday cage.

Surface-enhanced Raman spectroscopy (SERS) measurements were performed using an inVia
Reflex Raman spectrometer coupled to a confocal microscope (Renishaw) and a 2D-CCD camera.
Raman spectra were recorded in the range of 200 to 1800 cm, employing a 785 nm excitation laser, a
20x objective lens and an accumulation time of 10 seconds.

2.3. Electrochemical Measurements

The voltammetric measurements were performed at room temperature by applying a 50 pL drop
of solution onto the SPE, ensuring that all three electrodes were completely covered. The modified
surfaces were electrochemically characterized by CV using 1 mM [Fe(CN)s]*** in 50 mM PBS at pH
7.4, with a potential window of +0.5 V to -0.5 V (starting potential at +0.5 V or -0.5 V according to
convenience) at a scan rate of 100 mVs! (unless otherwise indicated). DA-immobilized surface was
also characterized by CV employing 50 mM PBS at pH 7.4, in the absence and presence of 3 mM CA,
and applied a potential window from -0.5 V to +1.0 V at a scan rate of 100 mVs-.

2.4. Procedures

2.4.1. Electrografting of 4-NBD* on SPE

Prior to the grafting step, the SPEs were electrochemically activated in acidic media. Activation
of the MWCNT-SPCEs and SPCEs was performed by CV using 50 pL of 0.1 M H2SOs, applied during
5 consecutive potential scans from +0.5 V to -1.5 V vs. Ag pseudoreference electrode at a scan rate of
100 mVs. Similarly, the gold electrodes were activated by CV with 50 uL of 0.1 M H2SOs, applying
10 continuous potential scans from -0.5V to +1.5 V at the same scanning rate. The electrodes were
then rinsed with Milli-Q water and dried with an air stream.

After activation, the MWCNT-SPCEs and SPCEs were electrografted with 50 uL of a 2 mM 4-
NBD- solution prepared in 25 mM HCI (Figure 1). CV was then employed to reduce the 4-NBD* ions
in the potential window from +0.5 V to -1.0 V for 5 cycles at a scan rate of 100 mVs. The surface was
then rinsed with 25 mM HCI and dried using an air stream. For the AuAT-SPE and AuBT-SPE, the
electrochemical reduction of the 2 mM 4-NBD* in 25 mM HCI was carried out in the potential window
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from 0.5 to -0.5 V for 5 cycles at a scan rate of 100 mVs. The grafted surfaces were labelled as SPE-
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Figure 1. Schemes illustrating the development of (a) the catalytic surface SPCE-GRAFT-GLU-DA (DA-
biosensor) and (b) the enzyme electrode by TYR immobilization, named as SPCE-GRAFT-Diazo-TYR (TYR-

biosensor), for CC sensing.

2.4.2. Dopamine immobilization

As outlined in FIGURE 1a, the grafted SPCE was incubated with 5% of GLU solution in 50 mM
PBS (pH 7.4) for 1 hour at 25°C. After that time, the surface was thoroughly rinsed and dried, followed
by incubation with 2.2 mM DA in 50 mM PBS (pH 7.4) under the same conditions. After the
incubation period, the modified electrode surface was rinsed with 50 mM PBS (pH 7.4) to remove
any non-covalently bonded DA and then dried with a stream of air. The DA-biosensor preparation
took less than 135 min.

2.4.3. Tyrosinase Enzyme Immobilization

After electrografting step (as illustrated in Figure 1b), the SPCE-GRAFT surface was covered
with 25 pL of 12% NaNO2 and 25 pL of 2 M HCl and allowed to react for 20 min at 4 °C. After that
time, the drop was removed from the surface, rinsed and dried. Afterwards, 50 pL of tyrosinase
enzyme solution (0.02 mg mL) in 0.1 M TRIS buffer at pH 8.0 (medium to carry out the coupling
reaction) were dispensed, incubating for 5 minutes at 4 °C. Once the immobilization time was up, the
enzyme modified surface was rinsed with 50 mM PBS (pH 7.4) to remove the TYR enzyme that was
non-covalently bonded to the surface. Finally, it was dried by means of a stream of air. The time spent
in TYR-biosensor preparation does not exceed 40 min and it was kept in the cooler at 4 °C when not
in use.

3. Results and Discussion

3.1. Electrografting of Gold Electrodes with 4-NBD*. Spectroscopic Characterization

The covalent grafting of nanometric thick organic layers onto the pretreated electrode surfaces
involves the electroreduction of 4-NBD- in an aqueous acidic medium. The cyclic voltammograms
(CVs) of the electrochemical reduction of 2 mM 4-NBD* solution on activated AuAT-SPE (Figure 2a)
and AuBT-SPE (Figure 2b) exhibited similar electrochemical behavior in both electrodes. The first
scan shows a characteristic reduction peak, associated with the formation of an aryl radical that
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covalently bonded to the electrode surface, accompanied by the loss of N2. The voltammograms of
AuAT-SPE and AuBT-SPE exhibit cathodic peaks of -14.29 YA at 0.134 V and -22.19 pA at 0.137 V,
respectively. Although the cathodic peak potentials were comparable for both gold electrodes, the
higher peak current observed for AuBT-SPE suggests that its surface morphology enhances the

electrochemical properties of the electrode [46].

T T T T T T T T T T T T
~ AUAT-SPE | 0 AuBT-SPE } |
0
10
=3 th
- -10 < 20
= 230+ -
=20 40
| 50 -
-30 -~ — Scan 1 = — Scan 1
L -=Scans2to 5 60 -=Scans2to 5
1 ] ! | ! ! ! ! | L 1
0.4 0.2 0 0.2 0.4 4 -0.2 1] 0.2 0.4
E/N vs Ag (psendoveference) EN vs Ag (psendoreference)
(a) (b)
L Au-C _g ‘E
J 4 NO, § CaC- |
[ R 7 x Au-C
-~ - v - ~ |/ -E o
- gy =i v -
4t 2 Y B g MO g CrC
> = AuATSPEL 3. | LN " 2
£ E Graft é | . ' \ ik ¥ ¥ "
E o 8 w1 TN/ WA
- 2 ) E i g | l AuBT-SPE-
4 \ g 5 Y \__ Graft
N \ " AUAT- - - - —
o/ \ "/‘\"*i.a:' . AuBT-
YIRS VY BB e e s o RS 1 3 L 1\SPEqot
400 800 1200 1600 400 800 1200 1600
Wavenumber/em!* Wavenumber/cm!
(c) (d)

Figure 2. (a) and (b) CVs of the electrografting of 2 mM 4-NBD* in 25 mM HCl (during 5 scans at a scan rate of
100 mVs) on an activated AuAT-SPE (a) and on an activated AuBT-SPE (b). (c) and (d) Raman-SERS spectra of
AuAT-SPE (c) and AuBT-SPE (d).

To confirm the successful grafting of the nitrophenyl groups onto the gold electrodes, direct
evidence was obtained using SERS spectroscopy. Figure 2c and Figure 2d depict the SERS Raman
spectra for gold electrodes that were electrografted with 4-NBD*. The spectra show a signal at 412
cm!, which can be attributed to the formation of an Au-C covalent bond between the gold surface
and the carbon atom of the aromatic ring [47—49]. Furthermore, as shown in the figure, this signal is
absent in the spectra recorded for the activated electrode (no grafting), confirming that the aryl radical
was successfully bonded to the surface. In addition, the spectra exhibit the presence of signals at 1,350
cm ! and 1,590 cm!, corresponding to the symmetrical stretching of the N-O bond and the stretching
of the C-C bond in the aromatic ring, respectively. The absence of these bands in the spectra of bare
electrode confirms the presence of aromatic molecules with nitro functional groups on the surface.
This provides strong evidence that the electrode surface has been successfully modified with
nitrophenyl functionalities [50].

3.2. Electrografting of Carbon Electrodes with 4-NBD*. Electrochemical Characterization

Grafting onto commercial bare carbon and MWCNT modified SPCEs was performed by
electrochemical reduction of 4-NBD+ ions in 25 mM HCI solution on the electrode surface using CV
over a wide potential window (+0.5 V to -1.0 V), which facilitates the reduction of the nitrophenyl
group. Figure 3a shows the CVs of the electrografting of 2 mM 4-NBD* in 25 mM HCl on an activated
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MWCNT-SPCE. This first scan exhibits an irreversible cathodic peak (illustrated as “(1)”) with a peak
potential at 0.225 V, corresponding to the formation of an aryl radical which covalently binds to the
electrode surface, accompanied by the loss of Nz. Furthermore, a second wide cathodic peak
(illustrated as “(2)”) with two maximums is observed; the first one at -0.605 V, followed by the other
at -0.720 V, which can be assigned to the electrochemical reduction of the nitrophenyl group. This
process results in the formation of an aminophenyl group through a two-step reduction process with
overall 6 e and 6 H* exchange, leaving the electrode surface functionalized to nanometric scale with
arylamine functionalities [51]. The anodic scan (illustrated as “(3)”) shows a peak at 0.180 V which
can be associated with the oxidation of the aminophenyl to hydroxyaminophenyl groups [52-54]. The
narrow peak observed close to 0.0 V is attributed to the carbonyl groups generated on carbon surface
during the acidic electrochemical treatment (activation step).
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Figure 3. (a) and (b) CVs of the electrografting of 2 mM 4-NBD* in 25 mM HCl on activated MWCNT-SPCE (a)
and on activated SPCE during 5 cycles (b). (c) Detail of 5" scan on SPCE and MWCNT-SPCE. (d) CVs of 1 mM
Fe(CN)s> in 50 mM PBS (pH 7.4) on BARE SPCE (black line), SPCE-GRAFT (red line) and MWCNT-SPCE-
GRAFT (blue line). Scan rate: 100 mVs-.

Figure 3b and Figure 3c show the CVs of the electrografting of 2 mM 4-NBD* in 25 mM HCl on
an activated SPCE during 5 scans and the detail of the 5" scan on both electrodes, SPCE and MWCNT-
SPCE, respectively. The first scan (depicted as black line in Figure 3b) shows the irreversible cathodic
peak “(1)” and the second cathodic wave “(2)” at more negative potentials (0.006 V and -0.820V,
respectively) with lower peak currents when is compared to MWCNT-SPCE (Figure 3a),
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demonstrating the high catalytic effect of the MWCNT modifier on the electrochemical reduction
processes of 4-NBD*. The cathodic peaks were completely inhibited in the subsequent scans (2" to
5th, illustrated as dashed-lines in Figure 3b), confirming the formation of a layer with blocking
properties that inhibit the electronic transfer between the solution and the surface [27,55]. This
inhibition is not complete on MWCNT-SPCE as can be seen in its CV illustrated in Figure 3c (dashed-
line).

The electrochemical properties of SPCE-GRAFT with aminophenyl functionalities on the
surface were investigated by CV in the presence of 1 mM KsFe(CN)s as an electroactive redox system
or redox probe. Figure 3d shows the CVs of 1 mM Fe(CN)¢* in an aqueous solution containing 50 mM
PBS (pH 7.4), before and after the electrochemical reduction of the 4-NBD* on activated SPCE and on
MWCNT-SPCE. The electrochemical response of the redox probe on bare activated SPCE (illustrated
as a black line) exhibited a cathodic peak of -16.62 nA at 0.007 V and the corresponding anodic peak
of 17.13 pA at 0.168V. This corresponds to the transformation of Fe(CN)s* to Fe(CN)e* and vice-versa
through a one-electron process [56]. The response of the redox probe on bare activated SPCE
displayed a quasi-reversible system with a peak-to-peak separation (AE) of 161 mV, which is
significantly higher than the ideal 59 mV value, and the ratio between the current peaks was ipa/ipc =
1.03. After the electrografting process, the CV of the Fe(CN)¢* in 50 mM PBS on SPCE-GRAFT
(illustrated as a red line) showed no peaks in 50 mM PBS, indicating that a compact organic layer was
formed (passivating the electrode surface) that completely blocked the electron transfer [27,54]. On
the contrary, small waves and higher capacity current were observed in the CV of the redox probe
on MWCNT-SPCE-GRAFT (illustrated as a blue line) that can be attributed to a poor surface covering
with an organic multilayer formation that competes with dimerization and polymerization processes
in the bulk solution [57].

3.3. Effect of Scan Rate on Electrografting of 4-NBD*

The effect of the scan rate on the electrografting process of 4-NBD* onto SPCEs (as stated above,
better option to be grafted) was evaluated by CV, monitoring the cathodic peak (peak “1” in Figure
3b) during the grafting step. CVs were recorded under the conditions of procedure (described in
section 2.4.1) by varying the scan rate between 10 mVs* and 250 mVs1.

As the scan rate increased, the cathodic peak potential shifted towards more negative values,
which is a characteristic profile of irreversible systems [58]. A linear relationship was observed
between the cathodic peak potential and the logarithm of the scan rate, logv, according to the
following Equation (1):

Epe/V = (=0.090 + 0.002) logv + (—0.022 + 0.002); R* = 0.998 1)

The value of an was estimated from the slope (2.3RT/anF) of the above equation and the
application of Laviron's equation [59-61], giving an experimental result of 0.66. Assuming a = 0.5,
which is typical for irreversible processes, the number of electrons involved in the electrochemical
reduction of 4-NBD* to generate the aryl radical at the SPCE was determined to be 1 e [62,63].

The relationship between the cathodic peak current and the scan rate showed a good linear
correlation up to 100 mVs! (R2=0.9990) according to the following Equation (2):

ipe/MA = (153 +4) v + (0.2 £ 0.3); R* = 0.9990 @)

This suggests that the electrochemical process is diffusion controlled with an adsorption
contribution as expected for the reason that the generated aryl radicals are grafted on the electrode
surface. At higher scan rates, a decrease in peak current was observed, which can be ascribed to the
formation of multilayers during the grafting step. This is a consequence of the faster generation of
radicals and the progressive dimerization and polymerization processes that take place either onto
surface or in the bulk solution [55].

3.4. Effect of Concentration of 4-NBD* on Surface Coverage
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The SPE was electrografted with 4-NBD* concentrations from 5 uM to 5 mM for SPCE and from
5 uM to 10 mM for AuBT-SPE (included for comparison), following the methodology described in
section 2.4.1. Figure 4a shows the behavior of the cathodic peak potential (ascribed to peak “1” in
Figure 3b and depicted as blue dots) as a function of the 4-NBD* concentration in solution on activated
SPCE (grafting step in the potential window from +0.5 V to -1.0 V). The results indicate a shift in the
cathodic peak potential towards more negative values as the 4-NBD* concentration increases up to 1
mM, typically for irreversible systems. Beyond this concentration, the potential shifts towards more
positive values, making reduction more difficult. The cathodic peak current (represented as black
dots in Figure 4a) increases with 4-NBD* concentration up to 2 mM, followed by a nearly constant
value up to 5 mM 4-NBD*. At concentrations above 3 mM, it can be assumed that the number of aryl
amino functionalities on the electrode surface remains relatively constant, suggesting a saturation of
the surface [63]. This fact can be corroborated by the decrease in the cathodic peak current of the
redox probe, Fe(CN)¢* (illustrated as red dots in Figure 4a), whose values achieve the residual current
(25 mM HC, green dots in Figure 4a) at the same time that the peak current of 4-NBD* remains almost

constant.
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Figure 4. (a) Dependence of cathodic peak potential (blue dots) and current (black dots) of 4-NBD", cathodic
peak current of Fe(CN)s* (red dots) and residual current (green dots) as a function of 4-NBD* concentration in
25 mM HCI on bare activated SPCE. (b) Effect of 4-NBD* concentration on the surface coverage of SPCE (black
dots) and AuBT-SPE (blue dots).

Figure 4b illustrates the evolution of the electrode surface coverage (I'), calculated using
Faraday’s law [64], as a function of the aryldiazonium ion concentration. The SPCE surface coverage
(illustrated as black dots) increases with 4-NBD* concentration up to a constant value, corresponding
to the maximum coverage of 8.51x1071° molcm2, which is obtained at 2 mM 4-NBD*. The theoretical
surface coverage for a compact monolayer of a 4-substituted phenyl group was calculated by Pinson
and Podvorica [57], with the result being I' = 13.5x10© molcm2. The experimental surface coating
obtained is in good agreement with the theoretical value and the small difference found can be
attributed to two critical parameters: electrolysis time and grafting potential. On the one hand, the
surface coating decreases as the grafting potential becomes more anodic potential [65]. On the other
hand, the roughness and the real surface area (quite different from the geometric area) achieved after
electrochemical treatment play an important role as well, being the values of surface coverage lower
than that corresponding to the theoretical surface coverage [57]. Then, the comparison between the
experimentally obtained coverage on SPCE and the theoretical value confirms that the electrografting
process successfully forms a compact monolayer on the electrode surface. This is also supported by
the non-observation of CV signal of the redox probe, [Fe(CN)s]>*, illustrated as red line in Figure 3d.

However, higher 4-NBD* concentrations are needed to get the maximum coating on AuBT-SPE
surface (depicted as blue dots in Figure 4b). In this case, the potential window is narrower than used
with SPCE, being the grafting potential more positive (grafting step in the potential window from
+0.5 V to -0.5 V), achieving less surface coating for the same concentration of 2 mM 4-NBD* (as stated
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above). To achieve maximum coverage on AuBT-SPE, at least 5 mM 4-NBD* is needed, but the
possibility of multilayers formation is expected, where some aryl groups can be covalently bonded
together and other grafted to the surface while the remainder of the film can be the result of the
adsorption [57]. All these results show that it is possible to graft effectively aryl groups from aromatic
diazonium ions onto non-smooth and highly porous surfaces to produce passivate surfaces, being an
excellent strategy (cheap and rapid) for the protection of many materials against environmental
corrosion and other industrial applications such as electronic circuits (long-term stability of the layer).

3.5. Electrochemical Characterization of Catalytic Surface: DA-Biosensor

SPCE modified with aminophenyl groups was selected as a surface for DA immobilization via
covalent bonding, using GLU as the cross-linking molecule. As illustrated in Figure 1a, the electrode
surface immobilized with DA shows the characteristic CC structure in the terminal layer. The
electrochemical behavior of DA-modified SPCE was investigated using CV with the redox probe
[Fe(CN)s]3++ and CC solutions.

The electrochemical response of 50 mM PBS at pH 7.4 was recorded at each step of the
procedure, showing overlapped residual current in the CVs for activated SPCE BARE, SPCE-GRAFT
and SPCE-GRAFT-GLU (grey dashed-line in Figure 5a). However, the voltammogram of the 50 mM
PBS on SPCE-GRAFT-GLU-DA displayed an irreversible anodic signal due to oxidation of the CC
groups on the electrode surface (blue line in Figure 5a), following the electrochemical reaction of
Figure 5b. This fact is clear evidence of the existence of the immobilized catechol functionalities on
the functionalized carbon surface. In detail, three anodic signals were observed, a pre-wave of 150
uA at 0.108 V, a second peak of 161.7 uA at 0.200 V and a third post-peak of 140 uA at 0.454V. No
cathodic peak was observed in the reverse scan, indicating that the surfaces remained functionalized
with terminal o-benzoquinones oriented towards the solution.
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Figure 5. (a) CVs of 50 mM PBS (pH 7.4) on SPCE-GRAFT-GLU (grey dashed-line) and SPCE-GRAFT-GLU-DA
(blue line). CV of 3 mM CC in 50 mM PBS on activated SPCE BARE (red line) and SPCE-GRAFT-GLU-DA (black
line). Scan rate: 100 mVs™. (b) Electrochemical reaction of o-hydroxylphenyl group of CC to o-quinone either in
solution or onto the modified surface.

The oxidation process of o-hydroxylphenyl group of 3 mM CC in solution to o-quinone group
on activated SPCE (red line in Figure 5a and reaction in Figure 5b) can be considered as quasi-
reversible, involving the exchange of 2 e- and 2 H* [66]. The CV showed an anodic peak of 73.33 pA
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at 0.238 V and a cathodic peak of 50pA at - 0.054 V, with a AE of 292 mV (E”= 146 mV) and ipa/ipc =
1.4.

A comparative analysis between the oxidation of CC in PBS solution on activated SPCE (red
line in Figure 5a) and the CC functionalities on SPCE-Graft-GLU-DA (blue line in Figure 5a) shown
that the oxidation of the CC functionalities on the modified electrode surface starts to less positive
values by 170 mV that the oxidation of CC in solution, accompanied by a 60% increase in the peak
current. These phenomena can be ascribed to a high catalytic activity by effect of CC functionalities
on the surface, confirming the formation of a covalent bond between the different self-assembled
monolayers and the electrode surface, which enhances direct electron transfer.

The addition of 3 mM CC in 50 mM PBS (pH 7.4) (black line in Figure 5a) on SPCE-GRAFT-
GLU-DA resulted in the characteristic voltammetric response of the CC redox process. The CV
presented one anodic peak of 150 pHA at 0.319 V and the corresponding cathodic peak of -90 YA at -
0.070 V, giving a AE of 389 mV (E%'= 125 mV) and the ipa/ipc of 1.67. As a result, the irreversibility of
the process increased and the anodic and cathodic peak currents were enhanced by 2 times compared
to the CC signal obtained on activated SPCE BARE (unmodified electrode), resulting in a remarkably
improvement of the electrocatalytic activity towards the oxidation of CC by CC functionalities onto
SPCE-GRAFT-GLU-DA modified electrode.

To investigate the electrochemical properties of the surface SPCE-GRAFT-GLU-DA, its
response to an electrochemical probe, [Fe(CN)e]>**, was evaluated by CV in all steps of the procedure
(described in section 2.4.2 and depicted in Figure 1a). Figure 6 shows the voltammograms of 1 mM
Fe(CN)s*- in 50 mM PBS (pH 7.4) recorded in the potential window between -0.5 V and +0.5 V at 100
mVs. The electrochemical response of the redox probe on activated SPCE BARE (black line in Figure
6a and amplified in Figure 6b), showed an anodic peak of 22.42 pA at 0.168 V and a cathodic peak of
20 pA at-0.052 V, with a AE of 116 mV (E”=58 mV) and ips/ipc = 1.1, obtaining a quasi-reversible one-
electron transfer process.
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Figure 6. (a) CVs of 1 mM Fe(CN)s> in 50 mM PBS (pH 7.4) on activated SPCE BARE (black line), SPCE-GRAFT
(red line), SPCE-GRAFT-GLU (green line), SPCE-GRAFT-GLU-DA (blue line) and non-grafted SPCE-GLU-DA
(blue dashed-line). (b) Amplification of activated SPCE BARE, SPCE-GRAFT and SPCE-GRAFT-GLU signals.
Scan rate: 100 mVs™.

As described in section 3.2, the CV of 1 mM Fe(CN)e* in 50 mM PBS on SPCE-GRAFT (red line
in Figure 6a and amplified in Figure 6b) showed no discernible peaks. Therefore, the absence of a
signal indicates that the conductive surface (activated SPCE) has turned into a non-conductive,
confirming that the above surface was completely functionalized to nanometric scale with
aminophenyl groups. The signals of [Fe(CN)s]>* were recovered for the SPCE-GRAFT-GLU (green
line in Figure 6a and amplified in Figure 6b) to become a conductive surface again. Moreover, a shift
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of both anodic and cathodic peaks to more negative potentials was observed, which is ascribed to the
catalytic effect of the ketonic groups of GLU, oriented towards the solution (Figure 1a, step 3). The
voltammogram displayed an anodic peak of 18.57 pA at 0.128 V and a corresponding cathodic peak
of 18.79 pA at 0.040 V. The electrochemical process can be considered quasi-reversible as well, with
a AE of 88 mV (E”=44 mV) and ipa/ipc = 0.99.

After the immobilization of DA on the SPCE-GRAFT-GLU surface to obtain the SPCE-GRAFT-
GLU-DA (Figure 1a, step 4), this named surface exhibited excellent catalytic properties that can be
associated with the presence of the terminal hydroquinone/benzoquinone couple or CC majorities at
the electrode surface (blue line in Figure 6a). The CV of the 1 mM Fe(CN)s*> showed an anodic peak
of 316.7 A at 0.218 V and a cathodic peak of 100 pA at -0.059 V (blue line) with AE =277 mV and
ipa/ipc = 3.17. Consequently, the electrochemical response of the redox probe on SPCE-GRAFT-GLU-
DA demonstrated an increase in the irreversibility of the process, as evidenced by an increase in AE
and ipa/ipc ratio. Conversely, the surface showed high catalytic activity, starting the oxidation process
at more negative values by 100 mV, as well as an increase of the anodic and cathodic peak currents
by a factor of 14 and 5, respectively, compared to the values obtained on activated SPCE BARE
(unmodified, black line in Figure 6a and amplified in Figure 6b).

Furthermore, the redox probe response on the SPCE-GLU-DA surface was recorded, where DA
immobilization was performed by direct incubation in presence of glutaraldehyde (adsorption) on
an activated SPCE, thus obviating the need for an electrografting step. The CV of 1 mM Fe(CN)e¢*~ in
50 mM PBS at pH 7.4 (blue dashed-line in Figure 6a) shows an anodic peak of 100.5 HuA at 0.242 V
and a cathodic peak of -72.97 uA at -0.021 V, with a AE of 263 mV (E = 111 mV) and ipa/ipc = 1.38.
After the DA immobilization, a comparison of the response obtained with the redox probe on a bare
non-grafted SPCE (SPCE-GLU-DA) with that obtained on a grafted SPCE (SPCE-GRAFT-GLU-DA)
revealed that the catalytic effect is lower, with a decrease in the anodic and cathodic peak currents of
68% and 27%, respectively. In addition, the signal of redox probe on SPCE-GLU-DA was lost in two
days, being stable up to three months on SPCE-GRAFT-GLU-DA as the response only decreased a 7
% after that time. These results suggest that the grafting step enhances electron transfer while
providing long-term stability to the biosensor, making the device robust for many applications.

3.6. DA-Biosensor for CC sensing

The high sensitivity of the SPCE-GRAFT-GLU-DA sensor enabled the construction of a
calibration curve for CC in solution. In the concentration range of 0.05 mM to 10 mM, both anodic
and cathodic peak currents increased proportionally with the CC concentration, exhibiting an
excellent linear correlation for the anodic (Equation (3)) and cathodic (Equation (4)) peaks (Figure 7).
The linear regression equations were expressed as:

ipa/MA = (32.16 £ 0.06) [CC]/mM + (14.5 + 0.2); R? = 0.9999999 3)

ipe/HA = (=24.4 £ 0.1) [CC]/mM + (—7.4 £ 0.4); R? = 0.9999999 @)

d0i:10.20944/preprints202502.1766.v1
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Figure 7. (a) Linear relationship between the anodic and cathodic peak currents with CC concentration on SPCE-
GRAFT-GLU-DA. (b) Amplification ip vs [CC] for concentration from 0.05 mM to 1 mM.

The limit of detection (LOD) and limit of quantification (LOQ) were subsequently estimated
through calculation using the established formulas (Equation (5) and Equation (6)):

3S,

LOD == (5)
108,
10Q = — ©)

where Sais the error of the intercept and b is the slope of the calibration curves. The LOD and
LOQ for CC were determined to be 18.6 uM and 62.1 pM, respectively, with linear dynamic range
(around three orders in the concentration level) from 62 uM to 10,000 M. For two levels in the CC
concentration, 250 pM and 3 mM of CC in 50 mM PBS at pH 7.4, the relative standard deviation (RSD)
obtained in both was 0.8 %.

3.7. Electrochemical Characterization of TYR-Biosensor for CC sensing

The last approach presented here is the fabrication of a biosensor for detection of CC, using the
[Fe(CN)e]** redox probe as mediator, inferring on the catalytic effect of catechol functionalities
towards the electrochemistry of [Fe(CN)s]*7* system already observed (described in section 3.5 and
shown in Figure 6). To achieve this purpose, SPCE modified with aminophenyl groups was
chemically treated to generate aryl diazonium ions on the surface that were able to react by coupling
reaction with the fenolic groups of TYR enzyme as indicated in section 2.4.3 and depicted in Figure
1b. The characterization of the obtained surfaces in each step was carried out with the [Fe(CN)s]>*
system as well (as illustrated in Figure 8a). The CV of 1 mM Fe(CN)e*~ in 50 mM PBS at pH 7.4 on an
activated SPCE BARE (black line) shows an anodic peak of 15.26 HA at 0.193 V and a cathodic peak
of -15.94 uA at 0.055 V, with a AE of 138 mV (E® =124 mV) and ipa/ipc = 0.96. As expected, non-signals
of redox probe were observed on SPCE-GRAFT (red line), but they were recovered on SPCE-GRAFT-
Diazo-TYR (blue line). Nevertheless, the morphology and the “twisted” shape of [Fe(CN)s]>*
voltammogram was a typical obtained on enzyme electrodes, where the peak-to-peak separation was
higher by 223 mV and the peak currents lower (50%) than on activated SPCE BARE with a ratio ipa/ipc
= 1.04. Notice that the voltammogram of the electrolyte alone on SPCE-GRAFT-Diazo-TYR (grey
dashed-line) did not show any peak.
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Figure 8. CVs in 50 mM PBS (pH 7.4), (a) on SPCE-GRAFT-Diazo-TYR (grey dashed-line) and in presence of 1
mM Fe(CN)s*>- on SPCE-GRAFT-Diazo-TYR (blue line), on activated SPCE BARE (black line) and SPCE-GRAFT
(red line). (b) 200 uM CC on unmodified SPCE BARE (red line) and 1 mM Fe(CN)e*- as mediator on SPCE-
GRAFT-Diazo-TYR, in absence (blue line) and in presence of 200 uM CA (black line). Scan rate: 100 mVs-'.

As stated above for 3 mM CC in 50 mM PBS (pH 7.4) on activated SPE BARE (red line in Figure
5a), the electrochemical behavior for 200 pM CC in same conditions was quasi-reversible as well (red
line in Figure 8b), giving rise to two observable peaks that appeared at 0.169 V with a peak current of
9.77 uA and at -0.075 V with a peak current of -10.81 uA on the forward and on the reverse scans,
respectively, with a AE of 244 mV (E%= 47 mV) and ipa/ipc = 0.90. In contrast, an impressive catalytic
current was observed for 1 mM Fe(CN)¢*- on SPCE-GRAFT-Diazo-TYR in presence of 200 uM CC
(black line in Figure 8b) in comparison to that obtained in absence of CC (blue line in both Figure 8a
and Figure 8b), achieving an increase of the signal of about 10 times for the same CC concentration.

To obtain information about the response of the TYR-biosensor towards CC in presence of the
mediator (Figure 9a), the concentration dependence of CC over the range 50 pM to 400 pM was
investigated by plotting the peak current of mediator obtained by each CC concentration (illustrated
as red dots in Figure 9b), exhibiting an excellent linear correlation for the anodic peak of [Fe(CN)s]>*+
system that follows the linear regression equation (Equation (7)).

ipa/MA = (317 + 7) [CC]/mM + (0.1 + 0.5); R? = 0.9992 )

It is worth noting that the impressive sensitivity of TYR-biosensor was tenfold higher compared
to the also sensitive DA-biosensor (as already mentioned), as demonstrated by the values of the
slopes from linear regressions, Equation (3) and Equation (7), and shown in Figure 9b. The developed
TYR-biosensor presented a LOD and LOQ of 4.5 uM and 14.9uM, respectively, with a RSD of 1.4 %
for 200 uM CC in the concentration level.
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Figure 9. (a) Electrochemical detection of CC via TYR enzyme and [Fe(CN)s]>*’*+ mediator reactions. (b)
Sensitivity (slope) comparison of CC calibration on catalytic SPCE-GRAFT-GLU-DA (black dots) (data extracted
from Figure 7) and SPCE-GRAFT-Diazo-TYR surfaces (red dots).

The analytical parameters obtained from the SPCE-GRAFT-GLU-DA and SPCE-GRAFT-Diazo-
TYR surfaces for CC sensing were compared to those of other (bio)sensor devices based on carbon
electrodes reported in the literature (see Table 1). It is noteworthy that both (bio)sensors exhibit
remarkable sensitivity, even when compared to devices employing differential pulse voltammetry
(DPV) or square wave voltammetry (SWV), techniques that are recognized for their higher sensitivity
than CV. A comparison of the (bio)sensors performance with other sensors utilising CV reveals LOD
similar or lower, thereby demonstrating its enhanced performance. Moreover, the SPCE-GRAFT-
GLU-DA (bio)sensor developed in this study exhibits a broader dynamic range, spanning three
orders of magnitude in concentration that none reaches. This expanded linear range for DA-biosensor
and the impressive sensitivity for TYR-biosensor, coupled with the short manufacturing time for
fabrication required and the low-priced reagents used, highlights the potential of both (bio)sensors
described here for practical applications in the detection of CC without the need for complex
nanostructure modifications.

Table 1. Analytical performance comparison of different unmodified and modified carbon electrodes for CC

sensing.

Electrode* Technique** Laﬁ; ) :;101\]/[)) S(;I:/I::;[t)y Ref.
SPCE/GNPs DPV 23200 6.9 150 [67]
SPCE SWV 20-220 5.9 31.0 [68]
GCE/Fe304-TiO2 Ccv 150 - 500 45 5.6 [69]
GCE/MWCNT/NIO DPV 10 - 400 2.5 196 [70]
GCE/GR/CdTe-QDs DPV 80-1,000 18.3 6.4 [71]
GCE/PTA DPV 26 — 500 7.8 120 [72]
GCE/RGO-MWNTSs DPV 6 — 540 1.8 70 [73]
SPCE/Cu-CMCS2 CA 7.3-40 7.3 10.0 [33]

SPCE/TYR CA 29 —40 29 3.3 [33]
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GCE/CMS-g-
PANI@MWCNTSTYR DPV 83 -100 25 78.5 [38]
SPCE/MNP/MWCNTS/TYR DPV 10-80 7.6 4.8 [74]
GCE-DHP/AUNPS/TYR Amp. 25-95 0.7 115 [31]
GCE-MLN/AO/TYR Amp. 1.7 -80 0.5 315 [75]
GCE/PS-ND/TYR DPV 5-740 0.9 23.0 [32]
GCE/ZnO/TYR/Nafion Amp. 13 - 400 6 2.14 [76]
CBPE/GLU/TYR Amp. 0.05-8.5 0.015 460 [77]
CGGE-PET/MWCNTI/TYR CA 0.5-50 0.3 231 [78]
GCE/MWCNT-IL-TYR LSV 49-1,100 0.6 32.8 [79]
SPCE/CB4/TYR Ccv 6.3 —-100 1.9 130 [80]
SPCE/BSA-GLU/TYR DPV 19-103 5.6 6.2 [36]
GCE/pTN-GLU/TYR Ccv 20 - 300 6.0 5.04 [81]
62 — This
SPCE-GRAFT-GLU-DA CcVv 10,000 18.6 32.2 work
. This
SPCE-GRAFT-Diazo-TYR CcVv 149-400 45 317 work

*Acridine orange (AO); bovine serum albumin (BSA); 1-butyl-3-methylimidazolium chloride (ionic liquid= IL);
cadmium telluride quantum dots (CdTe-QDs); carbon black ink (CB4); carbon black paste electrode (CBPE);
carbon nanodiamonds (NDs); carboxymethyl starch (CMS); chitosan biopolymer, graphite powder and glycerol
mixture electrode CGGE); enzyme-less Cu-Cubic mesoporous carbon stage 2 (Cu-CMCS2);
dihexadecylphosphate (DHP); glassy carbon electrode (GCE); glutaraldehyde (GLU); graphene nanoplatelets
(GNPs); magnetic nanoparticles (MNP); multi-walled carbon nanotubes (MWCNT); natural molybdenite
(MLN); polyaniline (PANI); polyethylene terephthalate (PET); poly-thionine (pTN); poly-3-thiophenemalonic
acid (PTA); potato starch (PS); reduced graphene oxide (RGO); screen-printed carbon electrode (SPCE);
tyrosinase (TYR).

**Amperometry (Amp.); chronoamperometry (CA); cyclic voltammetry (CV); differential pulse voltammetry
(DPV); linear sweep voltammetry (LSV); square-wave voltammetry (SWV).

**Linear Dynamic Range was estimated from the upper and the lower concentration (LOD) given by the
authors, calculating the LOQ as LOD by 3.33 that will be the minimum concentration to be determined with an

acceptable repeatability and trueness, being therefore the lower limit in the linear dynamic range.

5. Conclusions

The electrochemical reduction of aryldiazonium ion represents a rapid, simple and versatile
methodology for the surface grafting of organic layers on any type of material. In addition, the rich
chemistry of these compounds applied to achieve the immobilization of biomolecules by covalent
bond is impressive. This work demonstrates that SPE functionalized with 4-NBD+ion provides robust
and compact platforms capable of anchoring delicate biological components, such as DA or TYR, or
serving as a protective insulating layer to prevent corrosion by passivation of the electrode surface.
Through the optimization of critical parameters, including scan rate, potential window and 4-NBD~
concentration, the formation of a thin organic layer on a rough and highly porous surface with the
highest surface coverage was achieved. Specifically, the electrochemical reduction of a 2 mM 4-NBD+*
solution in 25 mM HCl resulted in the optimal surface coverage when 5 cyclic scans were applied in
the potential window of +0.5 V to -1.0 V at 100 mVs, achieving the functionalization to nanometric
scale with aminophenyl groups oriented towards the bulk solution.
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Briefly, the SPCE-GRAFT-GLU-DA biosensor is stable, robust, simple and low cost. It exhibited
noteworthy catalytic activity towards [Fe(CN)s]*/+, a redox mediator commonly involved in various
enzymatic reactions. The proposed sensor produced analytical signals 14 times higher than those
observed on unmodified surfaces under near-physiological conditions (25°C, 0.05 M ionic strength,
and pH 7.4), highlighting the sensor's adaptability to biochemical environments. The enhanced
electron transfer kinetics and stability of the modified surface underscore its potential for diverse
electrochemical applications. Furthermore, when utilized for the detection of CC, the SPCE-GRAFT-
GLU-DA sensor demonstrated a limit of detection of 4.6 pM and a linear range extending three
concentration units.

Additionally, the immobilization of TYR on a grafted surface via in situ diazotation followed by
a coupling reaction was also conducted, giving rise to the SPCE-GRAFT-Diazo-TYR biosensor. This
TYR-biosensor, in addition to being highly selective due to the presence of the enzyme, also
demonstrated high sensitivity. Specifically, the observed catalytic effect in [Fe(CN)s]*7* mediator
detection was 10 times higher than the already sensitive SPCE-GRAFT-GLU-DA biosensor.
Furthermore, immobilization by covalent bond confers additional stability to the (bio)sensor, thus
counteracting the problem of the low stability of the enzymes and ensuring the reproducibility of the
results. When applying the SPCE-GRAFT-Diazo-TYR biosensor to the determination of CC, a
narrower linear range was obtained than with the SPCE-GRAFT-GLU-DA. In contrast, the
comparison of the slopes obtained allows inferring that the enzymatic biosensor is 10 times more
sensitive. All these results suggest an interesting new line of research to explore the electrochemical
response of the (bio)sensor to enzymatic reaction products such as hydrogen peroxide and NADH or
the use of [Fe(CN)s]*7* as mediator in many other enzymatic reactions.

Therefore, the proposed (bio)sensors are very competitive with those that appear in the
bibliography and they can also be ideal devices for applications in direct analyte detection and
enzymatic assays. Their long-term stability (more than three months for DA-biosensor and one
month for TYR-biosensor) and their robust performance under physiological conditions suggest their
potential for integration into portable sensing platforms for in-situ diagnostics and real-time
monitoring. Although all these results are promising, further research is required to quantify catechol
in real and complex samples as environmental ones, using more sensitive techniques than CV and
considering matrix effects and potential interferences as well.

6. Patents

This research is part of the studies begun in 2007 that led to the application for a Patent in 2010,
with title “Catalytic Surface”, filed on April 5, 2011 and granted by Spanish Patent and Trademark
Office (OEPM) with registration number: ES 2 389 936 B2 on January 17, 2014.
(https://consultas2.oepm.es/pdf//ES/0000/000/02/38/99/ES-2389936_B2.pdf).
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Abbreviations

The following abbreviations are used in this manuscript:

4-NBD+ 4-Nitrobenzenediazonium ions

Amp Amperometry

AO Acridine Orange

AuAT-SPE  Screen-Printed Gold Electrode (High temperature cured ink)
AuBT-SPE Screen-Printed Gold Electrode (Low temperature cured ink)
AuNPs Gold nanoparticles

BSA Bovine Serum Albumin

BDD Boron-Doped Diamond

CcC Catechol

CA Chronoamperometry

CB4 Carbon Black Ink

CBPE Carbon Black Paste Electrode

CdTe-QDs Cadmium Telluride Quantum Dots

CGGE Chitosan Biopolymer, Graphite Powder and Glycerol Mixture Electrode
CMS Carboxymethyl Starch

Cu-CMCS2  Enzyme-less-Cubic Mesoporous Carbon Stage 2 (Tyrosinase-mimicking)
Ccv Cyclic Voltammetry/Cyclic voltammogram

CVs Cyclic voltammograms

DA Dopamine

Diazo Surface modified by diazotization reaction

DHP Dihexadecylphosphate

DPV Differential Pulse Voltammetry

Epa Anodic peak potential

Epc Cathodic peak potential

GCE Glassy Carbon Electrode

GLU Glutaraldehyde

GNPs Graphene Nanoplatelets

GR Graphene

GRAFT Surface modified with aminophenyl groups

IL Ionic Liquid

ipa Anodic peak current

ipe Cathodic peak current

ITO Indium Tin Oxide

LDR Linear Dynamic Range
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LOD Limit of Detection
LOQ Limit of Quantification
LSV Linear Sweep Voltammetry
MLN Natural Molybdenite
MNP Magnetic Nanoparticles
MWCNTs Multiwalled Carbon Nanotubes
NDs Carbon Nanodiamonds
PANI Polyaniline
PBS Phosphate-Buffered Solution
PEDOT Poly(3,4-ethylenedioxythiophene)
PET Polyethylene Terephthalate
PTA Poly-3-Thiophenemalonic Acid
PS Potato Starch
pIN Poly-Thionine
RGO Reduced Graphene Oxide
RSD Relative standard deviation
SERS Surface-Enhanced Raman Spectroscopy
SPE Screen-Printed Electrode
SPCE Screen-Printed Carbon Electrode
SWV Square Wave Voltammetry
TRIS 2-Amino-2-(hidroxymethyl)-1,3-propanediol
TYR Tyrosinase
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