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ARTICLE INFO ABSTRACT

Melatonin is a hormone that affects sleep-wake cycles and plays a role in the understanding of neuronal disor-
ders and has excellent potential for therapeutical applications in infectious diseases, becoming an important
target of chemical analysis. In this context, we report the development of an electrochemical device comprising
a self-adhesive electrode based on a graphite-automotive varnish (Gr-AV) mixture as a conductive material to
produce a printable ink applied over a paper adhesive easily transferred to a polyethylene terephthalate sub-
strate. The Gr-AV electrode presented a high electrochemically active surface area which showed to be suitable
for melatonin oxidation. The association of the device alongside a square-wave voltammetry method offered a
linear behavior in the concentration range from 10.0 to 100.0 umol L., a limit of detection of 0.49 umol L™,
as well as presenting exciting recovery and relative standard deviation over samples analysis. The results
showed the valid application of the device for the determination of melatonin in biological samples, pharma-
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ceutical formulations, and its potential for point-of-care analysis.

1. Introduction

Melatonin (5-methoxy-N-acetyltryptamine) is an indole-derived
substance found in many living organisms, playing a pivotal role as
a hormonein vertebrates. It is mostly produced in the pineal gland
and is intimately related to circadian rhythm, which regulates physio-
logical processes, including oxidative stress, cardiac rhythm, and
homeostasis in mitochondria. In summary, melatonin has a substantial
impact on endogenous cycles known as the “internal clock.” Moreover,
it shows to be a multifunctional molecule, presenting antitumor,
immunoregulatory, anti-inflammatory, and antioxidant properties
[1,2].

Synthetic melatonin is found as the main ingredient of many sup-
plements being designated against short-term sleep disorders. Mela-
tonin supplementation has gained popularity even with weak
evidence of its benefits [3-6]. However, some pieces of evidence indi-
cate that exogenic melatonin can be useful as supporting medication in
other neural disorders, such as epilepsy, Parkinson’s, and Alzheimer’s
diseases [7,8]. Recently, clinical evidence suggests that melatonin can
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play a protective role against lung injury in viral infections, including
SARS-CoV-2 and influenza, by the inhibition of inflammatory path-
ways, being a potential adjuvant drug applied in the treatment of these
diseases [9,10]. Additionally, as an endocrine substance, melatonin
can be found in a variety of body fluids and tissues, including saliva,
urine, and blood, presenting oscillating concentrations according to
circadian cycle [11]. For this reason, monitoring melatonin levels is
required in medicine to comprehend its signaling mechanisms and
how it affects the endocrine system. Many analytical methodologies
have been described for melatonin quantification, which stands out
chromatographic [12-15], optical [16-20], and electrochemical tech-
niques [21-24].

Electroanalytical methodologies are known for their great sensitiv-
ity, short-time analysis, the possibility of miniaturization, and versatil-
ity for the development of sensory platforms, which allows the
integration of functional materials, resulting in a large variety of sen-
sors based on polymers [22-25], nanoparticles [26], carbon-based
materials [27-29], hybrid arrangements [30] and biomolecules [31].
However, despite their proven efficiency, such materials associations
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can increase the analysis costs, especially with the emerging global
demand for non-exclusive health solutions, particularly for underde-
veloped nations.

In this way, the alternative solution arises in the search for portable
and disposable electrochemical devices based on low-cost materials
suitable for large-scale production and point-of-care testing. The devel-
opment of such devices requires a minimal number of components,
which can include a substrate, preferable flexible and biodegradable,
for receiving a printable electrode material. Thereby, the paper has
been widely used in electrochemical devices due to characteristics
such as chemical inertness, biocompatibility and biodegradability, rel-
atively low cost, and affordability of a variety of types, such as adhe-
sive paper, which in this report becomes a field application
alternative as there is no need for a set place for analysis [32,33].
Thus, poly(ethylene terephthalate) (PET) stood out among the possi-
bilities for a substrate due to advantages such as chemical and biolog-
ical inertness, good flexibility, mechanical resistance, and safe
handling. In addition to its use as a substrate, its use also has sustain-
ability attractiveness. With considerable high degradation periods, the
proposed use as substrate presents recycling options and reusing the
material [34,35].

Therefore, these devices development and characteristics can be
achieved using conductive inks based on graphite incorporated into
polymers or dispersed in a proper solvent, sequentially stamped over
a paper substrate. Graphite-based conductive inks for electrode manu-
facturing have been extensively reported in the literature, thanks to
their high electrical conductivity and chemical inertia [35-37].
Recently, it is being reported the association of a graphite/automotive
varnish ink (Gr-AV) disposed on self-adhesive paper, which has
resulted in a highly versatile adhesive electrode for application in elec-
trochemical sensing of dopamine serotonin as well as in enzyme-based
biosensing of glucose [33].

Here, we present a methodology for melatonin quantification based
on a self-adhesive inked paper (Gr-AV) electrode set using square wave
voltammetry (SWV) and a brief study of the electrochemical behavior
melatonin oxidation on the electrode surface. The resulting sensor was
applied for melatonin analysis in serum, urine, and commercial phar-
maceutical formulations.

2. Experimental
2.1. Reagents and solutions

All reagents used in this work were of analytical grade and pur-
chased from Sigma-Aldrich and/or Fluka, being used directly as
received without further treatment. Graphite powder was obtained
from Fischer Chemical (USA), and the automotive varnish acquired
from Sherwin-Williams (Brazil), Lazzudur 2K Auto Brilho was used
as the ink polymer-based vehicle. The human serum from male AB
clotted whole blood (USA origin, sterile-filtered) was obtained from
Sigma-Aldrich. Commercial samples of melatonin in capsules were
purchased from local drugstores in Araras - Brazil. The electrochemical
characterization of the device and melatonin detection was performed
using 0.5 mol L™! Mcllvaine buffer solution. All aqueous solutions
were prepared using ultrapure water processed through a Millipore
Milli-Q system (resistivity >18.2 MQ-cm).

2.2. Apparatus

All electrochemical measurements were performed with an Autolab
PGSTAT204 (Eco Chemie) potentiostat/galvanostat (with FRA32M
module) managed by NOVA 2.1.3 software. An 827 pH-meter
(Metrohm) was used for pH measurements. The morphological charac-
terization of the Gr-AV electrode was performed by Scanning Electron
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Microscopy (SEM) field emission gun (FEG) using a scanning electron
microscope FEI Magellan 400L.

2.3. Preparation of paper-based Gr-AV electrodes

Preparation of the conductive ink was carried out following a pro-
cedure previously reported [33], where 7.2 g of graphite powder was
added to 18 g of the automotive varnish, representing an amount
equivalent to 40% of the final ink mass. The resulting suspension
was mixed for 3 cycles of 3500 rpm for 90 s in a dual asymmetric cen-
trifuge SpeedMixer™ Dac 150.1 FVZ-K (FlackTec Inc) and the ink was
solidified at room temperature. Afterward, the graphite ink was
applied onto the adhesive paper sheet and cut using a cutting printer
(Silhouette, Cameo 3). After 40 min of the drying process, the excess
material was removed and discarded. The resulting device comprised
a centered working electrode (@ = 2.06 mm diameter according to
pre-printing design), a surrounding counter electrode, and a reference
electrode, according to Fig. 1, which shows the fabrication process and
the design of the resulting electrode set.

2.4. Preparation of samples

To evaluate potential interference caused by major substances in
biological samples, synthetic urine was prepared according to the pre-
vious report [38]. The urine sample was prepared using a 100 mL vol-
umetric flask dissolving the following amounts of compounds in
deionized water: 0.29 g of NaCl, 0.16 g of KCl, 0.11 g of CaCl,-2H,0,
0.22 g of sodium sulfate, 0.14 g of KH,POy,, 0.1 g of NH4CI, 0.11 g of
creatinine and 2.5 g of urea. Human serum samples were diluted in a
1:2 ratio (human serum: Mcllvaine buffer solution) as performed by
Wang and collaborators [39]. The content in commercial melatonin
capsules, with labeled 3.0 mg the active principle, was dissolved and
diluted adequately in supporting electrolytes.

2.5. Analytical procedure

Oxidation behavior of melatonin was investigated by square-wave
voltammetry considering the effect of the pH of the electrolyte support
solution (from pH 3.0 to pH 8.0), as well as the optimization of the fol-
lowing experimental parameters in SWV: frequency (f), amplitude (a)
and step (s). Once the analysis conditions were set up, the analytical
curve was built to acquire analytical parameters for SWV, including
linear concentration range, the limit of detection, and quantification.
As a final step, the proposed voltammetric method was applied for
melatonin quantifications in the synthetic sample of urine, a human
serum sample, as well as in melatonin capsules.

3. Results and discussion
3.1. Morphological characterization of the Gr-AV electrode

Fig. 2 shows SEM images for the Gr-AV electrode in three different
magnifications (Fig. 2a, 2b, and 2c), showing a rough and heteroge-
neous deposition pattern of the conductive ink over the working elec-
trode area delimited by the printing process, with a slightly distorted
circumference and diameter (@ = 1.68 mm) with a small deviation
of pre-printing design (Fig. 2a). It is possible to observe the overlap-
ping graphite sheets and the pores scattered over the entire surface,
as well as the coating of the automotive varnish on the material
(Fig. 2b and 2c), which suggests the presence of a high surface area
for conduction and suitable for the electrochemical process.
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Fig. 1. Preparation of the proposed sensor. (I) Conductive is prepared. (I) The conductive ink is spread on the self-adhesive paper and drying time is optimized.
(III) Electrode printing. (IV) Electrode clipping and bonding over PET substrate with drop delimiter. The device is then ready for (V) electrochemical analyses.
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Fig. 2. SEM images obtained for Gr-AV electrode surface using magnifications of (a) 40x, (b) 250x e (c) 1000x.

3.2. Electrochemical characterization of Gr-AV electrode

Fig. 3a shows the cyclic voltammogram for Gr-AV electrode at the
presence of [Fe(CN)s]?’_/ 4~ at50 mV s, presenting oxidation peak
at 230 mV (63 pA) and reduction peak at — 260 mV (-60 pA), with
a peak-to-peak separation of 490 mV and a current ratio of 1.06, there-

fore, indicating a quasi-reversible behavior. This peak-to-peak separa-
tion is close to similar works in literature [33,36,40-42] and it is
attributed to the high electron transfer resistance of lab-made inks.
However, such behavior does not interfer with the disposable device
performance or signal resolution for the proposed application. The
voltammogram shape indicates a mixed kinetic and diffusion control
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Fig. 3. (a) Cyclic voltammogram obtained by Gr-AV electrode in presence of an equimolar solution of [Fe(CN)]>~74~ 1.0 x 103 mol L™ ! in KCl 0.1 mol L™*
electrolyte solution; v = 10 mV s~ ! (b) Cyclic voltammograms obtained by Gr-AV electrode in presence of 1.0 x 10~ 2 mol L™! equimolar solution of [Fe

(CN)6]>~74~ in KCl 0.1 mol L™ electrolyte solution, with varying scan rates, from 10 to 175 mV s~ . Inset: Ip vs v

in a semi-infinite electrode surface. This effect is credited to combining
the fibrous electrode surface and the unexpressive enlargement of the
diffusion layer at slow scan rates. As the scan rate increases (Fig. 3b), a
predominant diffusion-controlled behavior is observed with a continu-
ous increase of peak-to-peak separation. Additionally, the electroactive
area of the Gr-AV electrode was estimated by the Randles-Sevcik
equation:

I, = £(2.69 x 10°)n*2AD'*Cy'/?

where I, is the peak current (A), n the number of electrons transferred,
A the electroactive area (cm?), D the diffusion coefficient of [Fe
(CN)1*>~7%~ in the 0.1 mol L™! KCl solution (7.63 X 10~ ° and
6.32 x 1076 cm? s~ for the respective reduced and oxidated forms
of the probe), C the probe concentration (mol cm ™ %) and V the potential
scan rate (V s~ 1). The estimation resulted in an electroactive area of
0.404 cm?, which is about 12 times larger than the geometrical area
(0.033 cm?).

3.3. Electrochemical behavior of melatonin on Gr-AV electrode
The electrochemical behavior of melatonin was evaluated by cyclic

voltammetry along with the potential range from 0.0 to 1.0 V in a
0.5 mol L™ Mcllvaine buffer solution with pH 7.0. From Fig. 4a is

172 plot.

possible to observe the presence of an oxidation wave with a
low-resolution peak at 0.570 V, with a magnitude of 0.17 pA. As no
cathodic peak is observed, the process is classified as irreversible in
this potential range.

The acquisition of kinetic parameters for the charge transfer pro-
cess associated with melatonin oxidation on Gr-AV electrode was car-
ried out by cyclic voltammetry with varying scan rates. Correlating the
obtained data and the Laviron theory for irreversible processes, which
shows a linear dependence between peak potential and the natural log-
arithm of the scan rate (showed in Fig. 4b), according to the following
equation

E, = E° — (BD)in(®%) + (RL) In vwhere a is the charge-transfer
coefficient, k; is the heterogeneous electron-transfer rate constant, T
is the temperature of the analysis (298.15 K), F is the Faraday con-
stant (96,485 C mol™ 1), R the ideal gas constant (8.315 J K !
mol™1), n is the number of electrons transferred in the melatonin
oxidation process (n = 1 [36]), and E° is the standard potential,
obtained by the intersect of E; vs I, plot (544 mV). As a result, the
a value was obtained by dividing the correlation for irreversible
oxidations [43]:
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Fig. 4. (a) Cyclic voltammograms obtained by Gr-AV electrode in presence of 50 umol L~ ! melatonin, in 0.5 mol L~ ! Mcllvaine buffer solution (pH 7.0);
v = 50mV s~ . (b) Cyclic voltammograms obtained by Gr-AV electrode in presence of 50 umol L™ ! melatonin, in 0.5 mol L.~ ! Mcllvaine buffer solution (pH 7.0);

with varying scan rates, from 50 to 150 mV s~ -
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and corresponds to 0.60 with is an acceptable value for this system
morphology. Therefore, the k° could be calculated, resulting in
0.085 s~ !, suggesting a somewhat sluggish or more complex reaction,
not being limited to simple electron transfer. The response mechanism
of melatonin can be seen in Fig. 5. It shows how the substance reaction
occurs through irreversible oxidation, possibly due to a two-electrons
and one-proton transfer, resulting in the formation of a radical cation.
This behavior can be identified in the literature in Camargo [36],
Tavakkoli [44], and Levent [45] and their collaborators, and is sup-
ported by the obtained data. The linear equation correlating the E,
shift with the scan rate is E;, (V) = 0.624 + 0.023 In(V) (V s~ ).

3.4. Optimization of analytical parameters on SWV

Fig. 6 shows a set of square-wave voltammograms for melatonin
oxidation under different pH values of Mcllvaine buffer solution at
0.5 mol L™ over the pH range of 3.0 to 8.0. The voltammograms indi-
cate a tendency of peak potential to shift to lower values as the pH
increases, presenting a slight oscillation at pH 6. The magnitude of oxi-
dation current, in turn, intensifies as the pH increases and reaches a
maximum value at pH 7. At pH 8, the current decreases significantly.
For this reason, aiming at a higher sensitivity of the sensor, the ideal
value for the pH of the supporting electrolyte was 7.0, which was
selected for further studies. Next, the analytical parameters that
affected the current response in SWV were evaluated to obtain the
maximum current magnitude as follows: potential amplitude (a), fre-
quency (f), and potential step (s). The optimized values obtained for
these parameters were f = 100 Hz, a = 20 mV, s = 6.0 mV,

3.5. Voltammetric determination of melatonin

The determination of melatonin was conducted by SWV through
successive additions of analite using the Gr-AV sensor in 0.5 mol
L~! Mcllvaine buffer solution (pH 7.0). According to Fig. 7, the peak
current recorded for melatonin oxidation increases linearly as the
increment of concentration of the electrochemical cell. The resulting
analytical curve (inset of Fig. 7) has shown the dependence between
peak current and melatonin concentration over a linear range from
10.0 to 100.0 umol L™, generating the following equation: I, (uA)
= (1.86 = 0.3) x 1077 + (129 = 7) x 10* [melatonin] (mol
L™ 1), presenting a coefficient of determination, R> = 0.995. The limit
of detection (LOD) was found to be 0.47 umol L~ ! estimated from the
relationship 3 X (o/m), where ¢ is the standard deviation of ten mea-
surements (n = 3) performed for the blank solution and m is the sen-
sitivity of analytical curve (angular coefficient).

Gr-AV electrode was applied to melatonin determination in com-
mercial capsules and biological fluid (synthetic urine and human
serum). The serum and urine samples were doped using known mela-
tonin concentrations (10, 20, 40, 80, and 100 umol L~ ! for urine; and
10 and 20 umol L™ ! for serum). The results for commercial melatonin
capsules were compared with the labeled value (3.0 mg). The voltam-
mograms of all these data are provided in the supplementary material
(Fig. S1-3), where it can be observed that, in complex matrices, few
unknown peaks are present but with no signal interfering effect. These
can be attributed to several salts used in the synthetic urine and mela-
tonin capsule formulation. As shown in Table 1, the recovery percent-

HsCO R H3CO
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R = CH,CH,NHCOCH,

Journal of Electroanalytical Chemistry 897 (2021) 115550

0.12 e
0.10 . ——pH 3.0
0.08 sso% ——pH 4.0
0.09 <006 ~ 500(2 PH 5.0
= + S ——pH 6.0
0.04f 8 v . Pa pH 7.0
oozl S —pH 8.0
< 0.06
.
0.03 |-
0.00
1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

E/V vs Graphite

Fig. 6. Square wave voltammograms obtained by Gr-AV in presence of
10 pmol L~! melatonin, in Mcllvaine buffer solution with different pH,
ranging from 3.0 to 8.0; s = 5.0 mV; a = 20 mV; f = 25 Hz. Inset: I, and E;, vs
pH plot.
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Fig. 7. Square-wave voltammograms obtained by Gr-AV in presence of
increasing concentrations of melatonin (10.0 to 100 umol L™Y,in0.5mol L™!
Mcllvaine buffer solution (pH 7.0); s = 6.0 mV; a = 20 mV; f = 100 Hz. The
inset presents the calibration curve.

ages (n = 3) obtained for the synthetic samples were in the range of
87.6 to 110%, indicating that the proposed sensor was able to quantify
the melatonin without significant interference of the sample matrix.
Additionally, the analysis of commercial capsules presented low values
of relative standard deviation (RSD) from the labeled amount of mela-
tonin, as can be seen in the final section of Table 1.

OH

HaCO HaCO R
RN | N\ -H/2H,0 | AN
radicalcéi@// N N

H OH H

Fig. 5. Oxidation mechanism of melatonin.
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Table 1
Results obtained using the proposed SWV method using Gr-AV electrode in the
determination of melatonin in synthetic urine, synthetic serum, and commercial
samples.

Synthetic urinefv

Sample Added (umol L™1) Recovered (mol L™1)* Recovery (%)
A 10.0 9.74 = 0.01 97.4
B 20.0 21.96 = 0.07 110
C 40.0 35.01 = 0.02 87.5
D 80.0 73.57 = 0.08 91.9
E 100 95.14 + 0.08 95.1

AB blood serum

Sample Added (umol L™1) Recovered (umol L™1)* Recovery (%)
A 10.0 8.98 = 0.08 89.8
B 20.0 18.1 £ 0.1 90.4

Commercial melatonin capsules

Sample Labeled (mg) Found (mg)* RSD (%)
A 3.00 2.96 + 0.02 —-1.24
B 3.00 3.19 + 0.01 6.48

C 3.00 3.14 = 0.05 4.64

" Average of 3 measured concentrations.

Recovery percentage (proposed method) = [Found] / [Added] x 100.
" RSD = [(Proposed method - Labeled concentration) / (Labeled
concentration)] X 100.

Table 2
Comparison of electrodes proposed for melatonin determination.
Sensors Linear range (pmol LY LOD (pmol LY Literature
GPT/WPE* 0.8 to 100 0.033 [36]
Poly-MM/poly-OAP 0.5 to 60.0 0.066 [22]
modified SPCs™
CNTs and graphene- 5.0 to 300 1.1 [46]
based CSPE
ZnFe204/CPE 6.5 to 145 3.0 [44]
Gr-Av 10 to 100 0.47 This work

* Waterproof paper electrodes.

" Modified screen-printed sensor with poly-(melamine)/poly-(o-aminophe-
nol) composite.
" Modified screen-printed electrode with carbon nanotubes or graphene.
""" Modified carbon paste electrode with zinc ferrite nanoparticles.

The comparison of the Gr-AV electrode with other similar systems
found in the literature for the determination of melatonin is present in
Table 2. It is possible to observe that the performance of the Gr-AV
electrode, presented through this work, can be considered analytically
appreciable, with a linear range and LOD acceptable for the proposed
application, when compared with other works in the literature.
Another important aspect to highlight is that the Gr-Av device is of
considerably diminished size compared to others, which was not nec-
essary to further surface modification for the working electrode.

4. Conclusions

This study demonstrated the applicability of a disposable device
based on a self-adhesive inked electrode in melatonin quantification
based on analyte oxidation. The manufacturing process of the device
showed to be straightforward with a relatively low cost. Since the con-
ductive material was based on a graphite-automotive varnish (Gr-AV)
dispersion, the proposed device can be eligible for large-scale produc-
tion. The application of the electrode alongside the SWV technique
resulted in appreciable analytical features, including LOD of
0.47 umol L7!, a linear concentration range from 10.0 to
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100.0 pmol L™, as well as a good recovery in samples with complex
matrices. The SWV method using the Gr-AV electrode has shown to
be suitable for melatonin determination in biological samples and
commercial pharmaceutical formulations alternative to conventional
approaches, especially in the point-of-care analysis.
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