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Abstract Single-walled carbon nanotubes (SWCNT), multi-
walled carbon nanotubes (MWCNT) and graphene have
been tested as carbon allotropes for the modification of car-
bon screen-printed electrodes (CSPEs) to simultaneously de-
termine melatonin (MT) and serotonin (5-HT). Two groups
of CSPEs, both 4 mm in diameter, were explored: The first
includes commercial SWCNT, MWCNT and graphene, the
second includes SWCNT, MWCNT, graphene oxide
nanoribbons and reduced nanoribbons that were drop casted
on the electrodes. The carbon nanomaterials enhanced the
electroactive area in the following order: CSPE <MWCNTs
<SWCNTs <graphene. This allowed the simultaneous deter-
mination of 5-HT and MT at the working potentials of +
50 mV and +390 mV (vs. Ag), respectively. The use of
carbon nanomaterials, in particular of graphene oxide
nanoribbons on CSPEs, represents an excellent and dispos-
able tool for sensing the two target molecules in even small
sample volumes. Figures of merit for MT and 5-HT include
(a) detection limit of 1.1 and 0.4 μM for MT and 5-HT,
respectively; (b) an inter-electrode reproducibility with
RSD ≤ 8 %; (c) 120 s response time, and (d) recoveries
(in case of spiked samples) ranging from 94 to 103 % (with
an RSD < 1 %).
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Introduction

Carbon nanomaterials such as carbon nanotubes (CNTs) and
graphene have been widely used in electroanalysis. Their high
surface areas and electrical conductivities are quite attractive
features in terms of electrochemical sensing and biosensing [1,
2]. The large surface area of these carbon nanomaterial-based
electrodes allows detection potentials to be decreased
(thus improving the selectivity of analysis), while amperomet-
ric faradic currents are increased (leading to enhanced analyt-
ical sensitivity) and surface fouling is reduced (thereby im-
proving reproducibility) [2–4].

On the other hand, screen-printing technology represents a
well-established technique for the fabrication of electrochem-
ical sensors with high sensitivity and selectivity, with all the
benefits of an easily renewable sensor. In particular, the pos-
sibility to regularly change the sensor allows reducing the risk
of contamination from one analysis to another. In addition, the
incorporation of carbon nanostructures such as carbon nano-
tubes first, and more recently graphene, have considerably
changed the scope of carbon-based electrodes in electroanal-
ysis [3]. Furthermore, there are a large number of commercial-
ly available electrodes, modified with nanomaterials, which
constitute another valuable feature of this technology.

Hence, carbon nanomaterial-based sensors on screen-
printed platforms constitute useful tools for (rapid and cheap)
analysis and screening. Here, we have explored a set of carbon
nanomaterial-based screen-printed electrodes for the detection
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of two significant target electroactive molecules, melatonin
(MT) and serotonin (5-HT), which chemical structures are
shown in Fig. 1.

MT (N-acetyl-5-methoxytryptamine), known as the mole-
cule of darkness, is a multifunctional indoleamine synthesized
from L-tryptophan metabolism via serotonin. It was exclu-
sively considered an animal hormone, specifically a neurohor-
mone, for nearly four decades until its discovery in plants.
Since then, it has been found in more than 140 different plant
species and foods [5–13]. Furthermore, healthy subjects syn-
thesize melatonin not only in the pineal gland [14], but also in
a wide range of other organs.

5-HT (5-hydroxytryptamine, serotonin) is an important
monoamine neurotransmitter widely dispersed throughout
the central nervous system, which plays a crucial role in the
regulation of mood, sleep, and appetite. It has also been re-
ported that foods and plants contain significant quantities of
serotonin [15, 16]. MT usually appears in the presence of 5-
HT; therefore, their simultaneous determination may be ex-
tremely important to understand biological systems and
samples.

Several analytical techniques have been developed for
the simultaneous measurement of 5-HT and MT, liquid
chromatography coupled to mass spectrometry and capillary
electrophoresis with UV detection being most often used
[16–19]. Although these methods can adequately monitor
the levels of 5-HT and MT, they still require skilled per-
sonnel and sophisticated and expensive instrumentation. In
contrast, electrochemical techniques possess analytical and
economic advantages including simple instrumentation and
low-cost, high sensitivity, fast response and easy operation.
In this way, it is important to point out that MT has not
extensively been studied using electroanalytical approaches
[20–24] and rarely the simultaneous detection of both 5-HT
and MT molecules has been explored [21]. This relevant
bibliography is also supported by recent reviews which
have shown the significance of the nanomaterial-based ap-
proaches for electrochemical sensing of biogenic amines
[25] and neurological drugs and neurotransmitters [26].
However, the exploration of the important combination of
the target technologies –screen-printing and nanotechnol-
ogies– in electroanalytical chemistry has not been studied

in detail for the simultaneous detection of these significant
molecules.

Therefore, here, we investigate the use of carbon
nanomaterial-based screen-printed electrodes for the simulta-
neous detection of 5-HT and MT. To this end, a set of carbon
nanomaterial-based screen printed electrodes (commercially
available and in-lab modified electrodes) will be critically
evaluated.

Materials and methods

Chemicals

MT and 5-HT were purchased from Sigma Chemical (St.
Louis, MO, USA). Sodium hydrogen phosphate and sodium
dihydrogen phosphate were purchased from Panreac,
(Badalona, Spain). Phosphate buffer 5 mM was prepared by
dissolving appropriate amounts of sodium hydrogen phos-
phate and sodium dihydrogen phosphate. The solution pH
was adjusted to 7.6 by addition of 1 M sodium hydroxide
solution. Ultrapure water (18 MΩ cm) was obtained from
Milli-Q system (Millipore, Bedford, MA, USA).

Apparatus

All electrochemical measurements were performed, at room
temperature, on an USB-based portable electrochemical sta-
tion μ-Stat 100 potentiostat controlled by PSLite 1.6 software,
by a carbon screen-printed electrode (CSPE), which integrates
a three-electrode system based on carbon as counter electrode,
working electrodes of 4 mm diameter and a silver reference
electrode (Dropsens, Oviedo, Spain).

Electrodes and carbon materials

Two groups of carbon electrodes were explored: commercial
and modified electrodes. Commercial screen-printed elec-
trodes, which were purchased from DropSens (http://www.
dropsens.com) (Oviedo, Spain) including carbon ink
(DRPC100), MWCNTs ink (DRP-110CNT), SWCNTs ink
(DRP-SWCNT), and graphene ink (DRP-110GPH). The

Fig. 1 Chemical structures of
target analytes
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planar CSPE consists of a conventional three-electrode con-
figuration with a silver reference electrode, a carbon counter
electrode and a 4 mm diameter carbon working electrode
printed on a ceramic support.

The modified electrodes were prepared by casting 10 μL of
a 0.50 mg mL−1 dispersion of each carbon nanomaterial
(SWCNT, MWCNT, graphene oxide nanoribbons (GON)
and graphene reduced nanoribbons (GRN)) on the CSPE.

Graphene nanoribbons detailed synthesis and characteriza-
tion features have been previously reported [27]. In brief,
graphene materials were synthesized from MWCNTs via the
longitudinal unzipping method [28]. Using these GON
(44 wt.% oxygen content), GRN (14 wt.% oxygen content)
were obtained by chemical reduction with N2H4/NH3 [29].

GON were dispersed to obtain a 0.50 mg mL−1 sample in
water by ultra-sonication in a bath for 30 min. GRN were
dispersed to obtain a 0.50 mg mL−1 dispersion in water/NH3

(1 % v/v) by ultrasonication in a bath for 30 min, followed by
tip sonication using a VCX130, (Sonics, Newtown, USA) for
2 min at 130 W.

SWCNTs were purchased from Sigma Chemical (St.
Louis, MO, USA). SWCNT and MWCNTs were dispersed
to obtain 0.50 mg mL−1 dispersion in dimethyl formamide
(DMF) by ultrasonication in a bath for 30 min, followed by
tip sonication using a VCX130, (Sonics, Newtown, USA) for
2 min at 130 W.

Sample preparation

Melatonin tablets and melatonin herb extract capsules were
purchased at a local market. Extraction from tablets and cap-
sules was carried out under dim light to prevent analyte deg-
radation. The content of the capsules was diluted with 5 mL of
MeOH, then vortexed during 30 s and sonicated in an ultra-
sound bath for 10 min. The resulting extract was filtered
through a 0.20 μm syringe filter (Sartorius Ministart®) and
stored in an amber vial. On the day of the experiment, solu-
tions were prepared by diluting the stock solution with phos-
phate buffer 0.05 M.

Electrochemical procedure

The measurements were recorded using just 50 μL of the
solution that permitted to cover the three electrodes. The elec-
trochemical behavior of 5-HT and MT at the different elec-
trodes in 50 mM phosphate buffer at pH 7.6 was examined
using differential pulse voltammetry (DPV). DPV was per-
formed with a potential range from −0.1 to +1.0 V, with
5 mV step potential, 25 mV pulse potential, 5 mVs−1 scan
rate, 0.07 s pulse time and 3 s equilibration time.

In order to calculate the diffusion coefficient of MT, a study
of cyclic voltammetry (CV) at different scan rates was
displayed. CV was performed for 0.5 mM MT in 50 mM

phosphate buffer at pH 7.6 in a bare CSPE using a potential
range from −0.5 to +1.0 V with 5, 10, 25, 50, 100, 200 and
500 mV s−1 scan rates. Considering that for quasi-reversible
systems such as MT, the plot of the peak intensity (i) versus the
square root of the scan rate (v1/2) is linear, the process follows
the Randles-Sevcik diffusionmodel and the process is diffusion
controlled. Consequently, the diffusion coefficient could be
calculated for the electroactive molecule following Eq. 1, in
which F is the Faraday constant, R is the gases constant, T is
the temperature (298 K), n, is the number of transferred elec-
trons (that is, 2) [23]; A, area of the electrodic surface (that is
the geometric area of a CSPE, 0.0126 cm2), D is the diffusion
coefficient and c is the concentration of the electroactive specie.

i ¼ 0:4463
F3

RT

� �1=2

n
3=2AD

1=2cv
1=2 ð1Þ

The effective electrochemical surface areas of the commer-
cial and modified CSPE were estimated with the slope of the
plot of Q vs. t1/2 obtained by chronocoulometry using 0.5 mM
MT in 50mMphosphate buffer at pH 7.6. Taking into account
the Eq. 2, described by Anson [30] the correspondent areas
were calculated.

Q tð Þ ¼ 2nFAcD1=2t1=2

π1=2
þ Qdl þ Qadsj ð2Þ

In this equation, A is the effective electrochemical surface
area of the working electrode (cm2), c is the concentration of
the electroactive species (mol/cm3), n is the number of transfer
electrons (that is, 2), F is the Faraday constant, and D is the
diffusion coefficient of MTcalculated above. Qdl is the double
layer charge, which could be eliminated by background sub-
traction, and Qads is the faradaic charge.

Results and discussion

Electrochemical detection of MTand 5-HTon carbon
nanomaterial based electrodes

To explore the use of carbon nanomaterials on screen printed
electrodes for electrochemical detection of 5-HT and MT, two
sets of electrodes were studied: commercial based-carbon
nanomaterials electrodes which are commercially available
(SW-c, MW-c, GP-c where c indicates commercial) and mod-
ified ones (SW-m, MW-m, GON-m, GRN-m where m indi-
cates modified) in which the carbon nanomaterial is used to
modify the carbon ink-based electrodes (CSPE-c).
Commercially available electrodes were used since they are
a valuable analytical tool ready-to-use while modified ones
were used as an alternative to allow a tailored in-lab electrode
as required.

Melatonin and serotonin detection on disposable carbon nanomaterials-based electrodes
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Firstly, the effective electrochemical surface area was
evaluated for the electrodes under study. Since the diffusion
coefficient of MT has not been reported, it was calculated
according to the Eq. 1 giving a value of 7.50 ×
10−5 cm2 s−1. This value is in accordance with the diffusion
coefficient for other electroactive molecules and permitted
us to estimate the electroactive areas for the electrodes
listed in Table 1.

For both electrode groups, SWCNTs based electrodes ex-
hibited higher electroactive surfaces than MWCNTs and
graphenes exhibited the highest ones. Interestingly, in-lab
modified electrodes exhibited higher electroactive areas com-
pared to those obtained for commercial ones, being graphene
nanoribbon-based electrodes (GRN-m) the ones that showed
the highest electroactive areas.

Secondly, the electrochemical behavior of 5-HT and MT
was deeply explored by differential pulse voltammetry (DPV).
Figure 2a shows the voltammograms obtained using the com-
mercial electrodes. While CNT-based electrodes gave a good
electrochemical response depicting two well-defined oxida-
tion peaks for 5-HT and MT (highest sensitivity in SW-c and
lowest oxidation potentials in MW-c), graphene-based ones
exhibited a poor performance with non-defined voltammetric
signals. In Fig. 2b is shown the voltammograms obtained for
the target analytes using in-lab modified electrodes. GRN-m
did not show a good electrochemical performance and non-
well defined voltammograms for 5-HT and MT, while SW-m
showed a good electrochemical behavior for 5-HT but not for
MT. MW-m and GON-m depicted a well-defined
voltammetric peaks for both molecules 5-HT and MT.
Furthermore, GON-m showed not only the highest sensitivity
but also a low oxidation potential for MT, exhibiting this elec-
trode the best electroanalytical performance. Figure 2c shows
a comparison between the best electrodes from each group.
When SW-c were used, the oxidation peak currents for 5-HT
and MT increased (1.8 times) while the oxidation peak poten-
tials did not shift to a less positive oxidation values compared
to bare CSPE. However, when GON-m were used, the oxida-
tion peak current for 5-HTandMT increased significantly (2.4
times), and more importantly, a profound electro-catalysis was

Table 1 Electrode terminology and estimated electroactive area of the
carbon nanomaterial-based screen-printed electrodes

Commercial Area (mm2) In-lab Area (mm2)

CSPE-c 0.95 SW-m 3.77

SW-c 2.46 MW-m 0.88

MW-c 1.23 GON-m 4.93

GP-c 3.16 GRN-m 9.70

Fig. 2 Voltammograms for a mixture of 0.1 mM 5-HT (peak 1) and
0.5 mM MT (peak 2). a Commercial electrodes: bare CSPE (black),
SW-c (green), MW-c (red) and GP-c (blue). b In-lab modified
electrodes: bare CSPE (black), MW-m (red), GON-m (blue), SW-m
(green) and GRN-m (orange). c Comparison between SW-c and GON-

m. Bare CSPE used as control (black). Background signal in bare CSPE
(gray). (*) corresponds to a second oxidation ofMT. Reference electrode,
Ag. Other Conditions: Phosphate buffer 50 mM pH 7.6, 5 mV step
potential, 25 mV pulse potential, 5 mVs−1 scan rate, 0.07 s pulse time
and 3 s equilibration time

F.J.V. Gomez et al.
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noticed since the oxidation peak potentials shifted to a less
positive oxidation values of +50 mV for 5-HT and +390 mV
for MTcompared to +110 mV for 5-HTand+450 mV for MT
at a bare CSPE. They suppose an identical shift inΔE=60mV
for both target molecules.

These results revealed that GON-mwere the optimum elec-
trodes to be used. They exhibited a profound electrocatalysis
(decrease in the oxidation potentials in ΔE=60 mV), the
highest sensitivity (enhancement in the amperometric cur-
rents), improved density current (26.25 μA·cm−2 and
36.33 μA· cm−2 in GON-m vs. 14.91 μA · cm−2 and
22.66 μA·cm−2 obtained on CSPE (geometric area=
0.12 cm2) for 5-HT and MT, respectively) and, additionally,
the lowest surface fouling because of their high electroactive
area (resistance-to-fouling was increased in the order
CSPE<SW-c<GON-m).

However, critically, this performance was not excellent
enough (mainly for 5-HT detection, which fouled the elec-
trode until 67 % after second measurement). As a conse-
quence, disposability becomes the most rational approach to
be investigated. To this end, for GON-m material, electrode
modification reproducibility was also evaluated. An excellent
inter-electrode reproducibility in the oxidation potentials
(RSD ≤ 4.7 and ≤ 2.8 %, for 5-HT and MT, respectively)

and in peak heights (RSD ≤ 5.9 and≤8.2 %, for 5-HT and
MT, respectively) for n=7 electrodes was obtained. This ex-
cellent inter-electrode reproducibility indicates that these elec-
trodes could be disposable, which constitute an extra advan-
tage for this approach.

Analytical performance and sample analysis

The analytical performance was also evaluated using the in-
lab modified GON-based electrodes. Well-defined
voltammetric peaks at +50 mV for 5-HT and +390 mV for
MTwere obtained for each assayed concentration as depicted
in Fig. 3a. As it is listed in Table 2, the resulting calibration
plots were highly linear (R2≥0.990) in the concentration range
investigated for each analyte. Combination of the high sensi-
tivity with a low noise level resulted in very good LODs
(S/N=3).

The method was also applied to commercially available
samples. As can be seen in Fig. 3b, the peak maximum of
MT voltammograms of these samples assayed was obtained
at +400 mV; this potential is highly coincident with the one
obtained for the MT standard solution with a peak maximum
at +390mV. In addition, the two oxidation peaks for 5-HTand
MT (at +50 mV for 5-HT and +400 mV for MT) were

Fig. 3 a Voltammograms for simultaneous calibration of 5-HT (peak 1)
andMT (peak 2). bVoltammograms for simultaneous determination of 5-
HT (peak 1) and MT (peak 2) in capsule (black), tablet (gray) and spiked
capsule with 0.1 mM 5-HT and 0.5 mM MT (blue). Note that (*)

corresponds to a second oxidation potential for MT. Reference
electrode, Ag. Other Conditions: phosphate buffer 50 mM pH 7.6,
5 mV step potential, 25 mV pulse potential, 5 mVs−1 scan rate, 0.07 s
pulse time and 3 s equilibration time

Table 2 Analytical features of the method

Analyte Regression equationa R2 Linear range (mM) LOD (μM) LOQ (μM)

MT y=0.134+0.010x 0.991 0.005–3 1.1 3.8

5-HT y=0.071+0.019x 0.996 0.001–2.5 0.4 1.1

a Regression equation is y=bx+a where y is the amperometric current (μA) and x is the analyte concentration (mM)
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recorded in the spiked samples. Quantitatively, a very high
agreement between the obtained values with those declared
with quantitative and reproducible recoveries were obtained,
as it is listed in Table 3. Quantitative and reproducible recov-
eries were obtained (94.4±0.2 and 102.8±0.6 % for MT and
5-HT, respectively) in the spiked capsule sample. Overall,
these results indicated a very good accuracy of the method.

Although the analytical performance of the method for the
chosen application was good, other potential interferents were
also studied on GON-m electrodes. While the important neu-
rotransmitter epinephrine did not show interference with an
oxidation potential at higher values for those obtained for the
target analytes (+1120mV), the biogenic amines tyramine and
tryptamine do interfere with an oxidation potential close to
that of MT. However, the non-interference of epinephrine
allowed the simultaneous detection of these three important
neurotransmitters in other samples. Interestingly, uric acid was
also assayed and it did not show a strong interference
exhibiting an oxidation potential at +220 mV. It originated a
partially resolved voltammogram peaks with aΔE=± 20 mV
between 5-HTandMT becoming this approach also useful for
the analysis of urine samples.

Finally, Table 4 lists the main analytical features obtained
in the selected related works found in the literature involving
the electrochemical sensing of MT and its precursors without
separation techniques [20–24]. This work was the first ap-
proach using carbon nanomaterials and screen printed tech-
nology which had valuable advantages such as single use,
disposability without losing performances. The LODs obtain-
ed were also competitive with the previous reported, taking
advantage of the inherent miniaturization, which became a
very important electrochemical screening approach.
Additionally, the portability of the system makes it very valu-
able for wide spread use without the need of skilled personnel.
All these featuresmake these electrochemical approaches very
valuable screening tools before the use of more sophisticated
analytical techniques.

Conclusions

This work demonstrates that carbon nanomaterial (specifically
graphene oxide nanoribbons)-based screen-printed electrodes,
provide an easy, fast and reliable analytical tool for the simul-
taneous detection and determination of 5-HT and MT.

Table 3 Analysis of MT in commercial samples

Sample MT declared (mg) MT found (mg)a Recovery (%)

Tablet 3.00 2.95±0.02 98.3±0.7

Capsule 1.80 1.76±0.05 97.8±2.8

a Values are expressed as mean value±SD T
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Screen-printed platforms modified with graphene oxide
nanoribbons was clearly competitive in comparison with the
other electrochemical approaches since it offered a very fast
response time (120 s), low sample consumption (just 50 μL)
and single use (disposability) because of their inherent minia-
turization and excellent inter-electrode reproducibility. In ad-
dition, in comparison with others methodologies such as,
HPLC or CE, the presented approach is a faster and simpler
alternative, which avoids even the large use of toxic solvents.

Although the application given has been confined to the
pharmaceutical analysis, the excellent performance obtained
makes of this approach a promising one not only in the phar-
maceutical quality control but in the determination of relevant
neurotransmitters in urine and other related samples.
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