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Electrochemical sensor based 
on the synergy between Cucurbit[8] 
uril and 2D‑MoS2 for enhanced 
melatonin quantification
Rut Martínez‑Moro 1, María del Pozo 1, Luis Vázquez 2, José A. Martín‑Gago 2, 
María Dolores Petit‑Domínguez 1, Elena Casero 1* & Carmen Quintana 1*

We present the development of an electrochemical sensor towards melatonin determination based 
on the synergistic effect between  MoS2 nanosheets and cucurbit[8]uril. For the sensor construction 
cucurbit[8]uril suspensions were prepared in water, and  MoS2 nanosheets were obtained by liquid 
exfoliation in ethanol:water. The sensing platform was topographically characterized by Atomic 
Force Microscopy. Electrochemical Impedance Spectroscopy experiments allowed us to study the 
charge transfer process during melatonin oxidation. Moreover, stoichiometry of the resulting complex 
has also been determined. After the optimization of the sensor construction and the experimental 
variables involved in the Differential Pulse Voltammetric response of melatonin, detection limit 
of 3.80 ×  10−7 M, relative errors minor than 3.8% and relative standard deviation lower than 4.4% 
were obtained. The proposed sensor has been successfully applied to melatonin determination in 
pharmaceutical and biological samples as human urine and serum, with very good recoveries ranging 
from 90 to 102%.

Determination of biological interest molecules is of great importance nowadays. One of them is melatonin (MEL), 
N-acetyl-5methoxy tryptamine, an endogenous hormone derived from serotonin synthesized by many living 
organisms including plants. MEL main functions are the regulation of circadian rhythms and blood pressure, 
hence its popular use to treat sleep disorders and jet-lag effects. It counteracts the effects of free radicals and 
acts as an antioxidant and anti-inflammatory agent. According to recent studies, abnormal MEL levels might be 
associated to an increased risk of developing breast cancer. Also noteworthy, the use of MEL as a complement 
in neurodegenerative diseases such as Parkinson, Alzheimer’s disease and epilepsy to improve the quality of life 
of patients have shown promising  results1–3.

Previously mentioned data made evident the importance of accurate MEL determination both in phar-
maceutical and biological samples. To date, several techniques are used for MEL detection and quantification 
including  spectrofluorimetry4, capillary  electrophoresis5 and chromatography coupled to different detectors as 
diode- array, fluorescence, or mass  spectrometry6–8, to name a few. However, analysis of MEL applying elec-
trochemical techniques is less popular even though they present several advantages when compared to others, 
such as their low-cost, ease of handling, absence of sample pre-treatment usually, and almost immediately data 
output. Electrochemical analysis of MEL is based on molecule oxidation on different surfaces, mainly carbon 
 electrodes9,10, which can be modified using different  nanomaterials11–16. These electrode surface modifiers possess 
not only individual properties that might improve, for example, the electrical conductivity, but also synergistic 
properties when combined.

Transition metal dichalcogenides (TMDs) nanosheets present unique and improved properties, hence the 
importance they have gained. These 2D graphene like materials can be obtained from its bulk materials applying 
top-down methodologies (liquid exfoliation and chemical exfoliation to name some) and by bottom-up strategies 
starting from its atomic components. Their structure consists of vertically stacked X-M-X interlayers, being M a 
transition metal atom and X a chalcogen atom, with  MX2 stoichiometry in a sandwich like  structure17–20. TMDs 
nanosheets have attracted much interest in electrochemical applications for developing new analytical sensors. 
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Several studies have observed a synergistic effect between TMDs nanosheets and other nanomaterials (i.e. gold 
nanoparticles, diamond nanoparticles)21–24 or organic macromolecules such as  enzymes25. Among the different 
TMDs,  MoS2 nanosheets are the ones that have attracted most research efforts in electrochemical applications.

Researchers have found a great improvement in selectivity of electrochemical sensors through host—guest 
interactions by using supramolecular receptors as electrode surface modifiers. Among them, although cyclodex-
trins have been the most studied ones, cucurbit[n]uril (CB[n]) has become an important family of macrocycles 
that has attracted great interest over the last  decade26,27. Formed by glycoluril units bonded by methylene bridges 
in a pumpkin-like shape, these compounds present a hydrophobic cavity which can be accessed via two sym-
metrical portals with “n” carbonyl groups. This structure allows CB[n] to form inclusion complexes with a wide 
variety of molecules not only based on their size but also on their electronic properties. Hydrophobic or relatively 
hydrophobic guests of an appropriate size can be included in the non-polar cavity, while the carbonyl groups 
present at the portals allow electrostatic or ion–dipole interactions with positively charged analytes. In addition, 
this negative charge density allows the stabilization of inclusion complexes in the case of cationic  guests26–30.

Regarding host–guest interactions between MEL and molecular receptors, MEL forms an inclusion complex 
in the presence of β-cyclodextrin which has been studied by spectroscopic techniques increasing MEL solubility 
in  water31.

In a previous fundamental work, through a combination of experimental techniques, such as Nuclear Mag-
netic Resonance spectroscopy, and theoretical methods based on Density Functional Theory (DFT) and Molecu-
lar Dynamics (MD) calculations, we addressed the study of the adsorption of CB[8] on different 2D surfaces. We 
concluded that depending on the CB[8] adsorption geometry on the TMD surface either one (on graphene) or 
both (on  MoS2) cavity portals are exposed to the solution containing the potential guest  molecule32. This evidence 
together with the reported synergistic effect appearing when using TMDs nanosheets, and the excellent CB[8] 
properties as molecular selector through host–guest interactions, motivate us to focus on the development and 
fully characterization of an electrochemical sensor based on  MoS2 and CB[8] for MEL determination in real 
samples.

Results and discussion
Electrochemical sensor design. The remarkable performance as molecular selectors demonstrated by 
CB[n]s makes them excellent compounds to increase the selectivity of electrochemical  sensors27,28. On the other 
hand, the synergistic effect produced by the combination of 2D-TMDs with different nanomaterials has been pre-
viously reported and employed for the development of electrochemical sensors with improved properties. Based 
on these facts we addressed the development of an electrochemical dispositive including 2D-MoS2 together with 
the CB[8] as modifiers of a GC electrode towards MEL determination. The validity of this approach requires 
demonstrating that the presence of both materials on the surface of the electrode is necessary to achieve these 
improvements.

Figure 1 shows the differential pulse voltammograms recorded with different sensors: the GC/MoS2 system, 
the GC/CB[8] system and the complete dispositive namely GC/MoS2/CB[8]. In addition, the response obtained 
with a non-modified GC electrode is also included for comparison. In this later case (voltammogram a), the 
MEL oxidation recorded at c.a. 0.7 V is in good agreement with that described for MEL oxidation on this elec-
trode  surface10. When the electrode is modified just with the 2D-MoS2 (GC/MoS2 system, voltammogram b), 
the semiconductor character of the TMD results in a decrease of the peak current, an electrochemical behaviour 
previously reported for other  analytes22. The response observed with the GC/CB[8] system (voltammogram 
c), agrees with the expected electrochemical response for a supramolecular complex, i.e., lower peak current 
and even a slight potential peak shift to higher values. The response of MEL with the sensor resulting of the 
modification with both nanomaterials is depicted in voltammogram d. In this case, the inclusion of MEL in 
the receptor cavity can be concluded from the peak potential shift. However, it is worth to notice that a great 

Figure 1.  DPV response of (a) bare GC, (b) GC/MoS2, (c) GC/CB[8] and (d) GC/MoS2/CB[8] in 0.1 M 
pH = 7.0 phosphate buffer solution containing 1 ×  10–5 M of MEL. DPV conditions: scan rate 30  mVs−1, pulse 
amplitude 60 mV and step potential 15 mV.
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increase current is produced in contrast with the decrease expected due to the complex formation. Whereas 
such current increase has been previously described in hybrid bilayer systems combining TMDs nanosheets 
and different 0D nanomaterials as gold  nanoparticles33 or diamond  nanoparticles21, this is the first time that 
it is observed when combining only TMDs nanosheets with supramolecular hosts. These results evidence the 
benefits of combining both materials, a sensor with improved response in terms of sensitivity derived from the 
synergistic effect between TMDs and CB[8] but also in terms of selectivity from the macrocycle properties of 
the latter as molecular selector.

Moreover, DPV experiments allowed us to stablish the stoichiometry of the complex following the molar 
ratio procedure. To this end, we recorded the voltammograms corresponding to 1 ×  10–5 M MEL without CB[8] 
and with increasing macrocycle amounts employing the GC electrode. The results, depicted in Fig. S1 let us to 
conclude that one MEL molecule is included in the receptor cavity in a 1:1 ratio.

Optimization of the sensor design. Once the synergistic effect of combining 2D-MoS2 (7.5 mg/mL) 
and CB[8] is demonstrated, we address the optimization of the dispositive design in terms of the amounts of 
 MoS2 and macrocyclic used for the electrode modification. Figure 2A shows the DPV response of MEL with two 
different GC/MoS2/CB[8] sensors prepared with a 1:1 (v/v) diluted  MoS2 suspension (voltammogram b) and 
with a non-diluted  MoS2 suspension (voltammogram c) together with the response obtained with the bare GC 
electrode (voltammogram a) for comparison. It is clear that the synergistic effect resulting from the combination 
TMD/CB[8] is produced when using the synthetized  MoS2 suspensions without dilution, probably as a conse-
quence of the increase in the available surface generated by the use of the TMD.

Next, the influence of the macromolecular receptor amount was evaluated, and the results are depicted in 
Fig. 2B. As observed, an increase of the CB[8] amount on the electrode surface leads to a higher peak current 
up to 0.3 mM CB[8] concentration. The decrease observed for 0.6 mM concentration could be explained by the 
extremely low CB[8] solubility resulting in less homogeneous suspensions. Moreover, at this CB[8] concentra-
tion, the reproducibility in the modification process and in the performance of the device, was poorer. As a result 
of these experiments, the sensor was prepared with the non-diluted  MoS2 initial synthetized suspension and 
maintaining the receptor concentration at 0.3 mM.

AFM characterization. In the following, we will describe the main results obtained from the AFM analysis 
for different samples according to the sensor construction: Si/CB[8], Si/MoS2 and Si/MoS2/CB[8].

Si/CB[8]. The surface morphology of this sample was quite homogeneous as can be seen in Fig. 3A. Here, 
globular structures are found over the surface. In the surface profile (Fig. 3B) along the line depicted in Fig. 3A 
structures around 1–2 nm high are observed. It should be noted that the height of 1–2 nm is close to the CB[8] 
size with an equatorial width of 1.75 nm, and height of 0.91 nm, including van der Waals  radii26. In contrast, the 
corresponding width, measured at half height, yields values in the 8–10 nm. This large value can be explained by 
the convolution effects due to the tip size (nominal tip radius of 8 nm). Thus, one structure with a size around 
1–2 nm can be visualized by AFM with an enlarged lateral size, compatible with the 10 nm value measured, 
whereas its height will be close to the expected one, provided that the tip load is weak. Therefore, in principle, 
these 1–2 nm high globular structures could be consistent with single CB[8] molecules. In addition, this mor-
phology is consistent with previous  results34. A detailed inspection of the background in the image allows to 
detect up to two depth levels. Furthermore, in the top one, tiny globular structures can be spotted. This fact sug-
gests that a sort of CB[8] multilayer deposit is formed. This fact is confirmed when a similar sample, where the 
CB[8] concentration is the tenth of the one used in this measurement, is studied since, in this case, a continuous 
layer is still visible (not shown).

Figure 2.  (A) DPV response of  10–5 M MEL in a GC electrode (a) in a GC/MoS2/CB[8] system prepared 
with 1:1 (v/v) diluted  MoS2 suspensions (b, dashed line) and with non-diluted  MoS2 suspensions (c). (B) 
DPV response of 1 ×  10–5 M MEL with GC/MoS2 (non-diluted) without CB[8] (a), GC/MoS2/CB[8] electrode 
containing non-diluted  MoS2 and different CB[8] amounts: 0.1 mM CB[8] (b), 0.3 mM CB[8] (c), 0.6 mM 
CB[8] (d).
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Si/MoS2 sample. The morphology is characterized by the presence of flakes (Fig. 3C). These flakes have an 
average thickness close to 4 nm. This can be observed in Fig. 3D showing the profile along the line drawn in 
Fig. 3C. At the right, the sharp step at the flake is clearly seen. In the middle of the profile tiny structures can be 
seen with a similar thickness that could correspond to flake fragments, which are produced during the prepara-
tion method. A statistical analysis of the thickness of the flakes is obtained from the height distribution of the 
AFM image where the x-axis is the pixel height (Fig. 3E). The peak around zero in the x-axis corresponds to the 
substrate whereas the second one around 4 comes from the surface of the flakes (the former is higher because the 
substrate area is larger than the flake one). In Fig. 3C and D are detected small structures on top of the flake ones. 
They cover roughly the 15% of the flake surface. They could also correspond to tiny products of the preparation 
method left after the drop drying.

Si/MoS2/CB[8] sample. A typical morphology of this system is shown in Fig. 4A where the  MoS2 flakes are 
covered by multiple nanostructures. The line drawn in Fig. 4A crosses the main flake. Its thickness can be meas-
ured in the corresponding surface profile (Fig. 4B), with a value close to 4 nm, as well as the height of the tiny 
isolated nanostructures that results to be in the 1–2 nm range, although there are also larger aggregates. These 
nanostructures cover around the 66% of the flake surfaces. Noticeably, fiber structures are also observed in the 
image. This fiber-like structures have been reported before for a CB[7]  gel35. In our case, the fiber dimensions 
suggest a sort of fibril aggregation as already reported by Hwang et al.35. In contrast, in other location of the sam-
ple, morphology as that shown in Fig. 4C is found. Here, the  MoS2 flakes are evident but this time they are fully 
covered by a continuous layer of material, in contrast with the surrounding substrate surface in which isolated 
deposited structures are imaged. The surface profile along the line drawn in Fig. 4C is displayed in Fig. 4D. Now, 
the thickness of the flakes is clearly higher than 4 nm, with values from 6 up to 11 nm, depending on the location. 
In fact, the surface is rougher than that of a bare  MoS2 flake.

In order to further assess the nature of the deposits on top of the flakes, we performed force curve measure-
ments on Si/MoS2 and Si/MoS2/CB[8] samples. The results are displayed in Fig. 4E. In the curves, the x-axis rep-
resents the distance travelled by the tip towards the surface (from right to left). At the right, there is a horizontal 
region indicating that the tip is not in contact with the surface, yet. Then, there is a decrease in the deflection due 
to the attractive Van der Waals forces between tip and sample. From the minimum deflection point to the left in 

Figure 3.  (A) Top view AFM image of the Si/CB[8] sample. (B) Surface profile along the line drawn in (A). 
(C) AFM image of the Si/MoS2 sample. (D) Surface profile along the line drawn in (C). (E) Height distribution 
of (C). The highest peak corresponds to the substrate areas whereas the smaller one is due to the surface of the 
flakes.



5

Vol.:(0123456789)

Scientific Reports |        (2023) 13:10378  | https://doi.org/10.1038/s41598-023-37401-9

www.nature.com/scientificreports/

the x-axis, the tip is in contact with the surface and repulsive forces operate leading to an increase in the positive 
cantilever deflection. The curve taken on the  MoS2 flake shows a steep slope, in fact close to that obtained on 
the hard reference sapphire sample (not shown), which indicates its rigid and hard character. As a reference, we 
obtained curves also on the Si-CB[8] sample (dot-dashed curve). This curve has initially a curved shape with 
a smaller slope before reaching a similar slope than that observed on the  MoS2 flake. This initial curved region 
corresponds to the sampling of the soft CB[8] structure, and the straight sloped region is attained once the tip 
has gone through the soft layer. The lateral shift of the curve with respect to that one measured on  MoS2, at a 
fixed and high y-axis value, gives a value of the thickness of the CB[8] deposit that results to be 3.5–4 nm. In 
addition, we measured force curves on flakes of the Si/MoS2/CB[8] sample, the short dashed curve taken on a 
flake as those of Fig. 4A, and the dashed one obtained on a flake as that of Fig. 4C. Both display an initial curved 
region related to soft CB[8] structures. The corresponding lateral shift of the curves is different since the thickness 
of the CB[8] deposit is also different. It results to be of 2 nm (short, dashed curve) and 5.5 nm (dashed curve). 
These values support the identification of the nanostructures on top of the flakes in the Si/MoS2/CB[8] sample as 
CB[8] structures as well as the inhomogeneous character of the CB[8] deposits since their thickness and surface 
distribution changes with the sample location.

Finally, Fig. 4F shows a 3D representation of one flake in which a very narrow fiber structure is observed. This 
structure has a height of just 1.3–1.8 nm range, a width in the 15–20 nm range, and a length of at least 900 nm. 
Due to tip convolution effects, the lateral and height dimensions could be compatible with a fiber partially com-
posed by single CB[8] molecules.

Electrochemical characterization of the GC/MoS2/CB[8] sensor. Cyclic voltammetry experiments 
were performed with two different proposes: to evaluate the electroactive surface and to investigate the mecha-
nism governing the electrochemical oxidation process.

Figure 4.  AFM data of the Si/MoS2/CB[8]. (A) Large top view AFM image. (B) Surface profile along the line 
drawn in (A). (C) AFM image obtained on other location. (D) Surface profile along the line drawn in (C). (E) 
Force curves obtained with the same cantilever on the structures indicated in the legend. (F) 900 × 900  nm2 3D 
AFM image taken on top of a  MoS2 flake. Note the fiber structure running from the top to the bottom of the 
image.
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The evaluation of the electroactive surface was performed with Ru(NH3)6
2+/3+ as redox probe as its electron 

transfer does not depend on an interaction with a functional group or surface  place36. To this end, cyclic vol-
tammograms of 1 mM Ru(NH3)6

2+/3+ in a 1 M KCl solution were recorded at different scan rates for the bare 
and the modified electrodes. The Randles–Sevcik  equation37 depicts the relation of the peak current with the 
electrochemical surface area:

In this equation, Ip is the measured peak current; n is the number of electrons, A the electrochemical surface 
area, D the diffusion coefficient (7.8 ×  10−6  cm2  s−1 for Ru(NH3)6

2+/3+ at 20 °C38), v the scan rate, F the Faraday 
constant (9.65 ×  104 °C  mol−1), R the gas constant (8.31 J  K−1 mol), T the temperature (K) and C the concentration 
of the redox probe (M). From the slope of the corresponding  Ipa vs  v1/2 plots (Fig. S2A), electroactive surface areas 
of (0.110 ± 0.008)  cm2 and (0.19 ± 0.02)  cm2 were obtained for the bare GC and the GC/MoS2/CB[8] electrodes, 
respectively. These values show that an increase, close to 73%, of the effective area is produced because of the 
modification.

In addition, cyclic voltammograms of 1.0 mM MEL solutions in 0.2 M phosphate buffer pH 7 at different 
scan rates ranging from 5 to 350 mV  s−1 were recorded with the purpose of elucidate the electrochemical mecha-
nism governing the oxidation process. The oxidation wave current of MEL at 0.67 V increases with the scan 
rate variation. Data were analysed as log Ip vs. log  Vb plot obtaining a linear relation according to log Ip = 0.24 
(± 0.02) + 0.489 (± 0.009) log  Vb, r = 0.9993 (see Fig. S2B). The slope value close to 0.5 allows us to conclude that 
the oxidation takes place mainly through a diffusive process.

Moreover, we carried out EIS experiments to evaluate the influence of the modification in the charge transfer 
process. MEL was employed as redox probe for a more real evaluation of this interfacial process (Fig. S2C). As 
shown in the Nyquist plots, an increase in the semicircle at high frequency values is register for the GC/MoS2 
system respect to the bare electrode revealing an increase in the charge transfer resistance (from 30.000 to 44.000 
Ω) as consequence of the modification with the semiconducting material. This resistance increase explains the 
decrease in the peak current observed for this GC/MoS2 system in the differential pulse voltammograms depicted 
in Fig. 1 (voltammogram b). In contrast, the incorporation of the macrocycle on the electrode surface together 
with the TMD leads to a decrease in the charge transfer resistance to 25.000 Ω leading to an increase in the peak 
current as observed in Fig. 1 (voltammogram d).

Chemical and instrumental variables optimization. All variables involved in the response of MEL 
were optimized before the evaluation of the corresponding analytical parameters displaying the performance of 
the sensor.

The influence of the pH of the supporting electrolyte was tested in the 2–11 range employing both, the bare 
and the CG/MoS2/CB[8] electrode. Figure S3 shows the influence of the pH in the peak potential (Ep) value 
recorded for the oxidation of MEL in each system. As observed, for the CG/MoS2/CB[8] electrode (black square 
dots), the Ep remains constant at acidic pH values. However, it shifted to less positive values when the pH of the 
supporting electrolyte varies from 5 to 11 according to Ep (V) = 0.89 (± 0.03) − 0.034 (± 0.003) pH; r = 0.992. A 
similar behaviour was recorded for MEL in the bare GC electrode (red circles dots) although, in this case, Ep 
shifted to less positive values, from pH = 4. Several conclusions can be drawn from these results. On the one 
hand, pKa values of 4.0 and 5.0 can be obtained for the “free” and the “complexed” analyte, repectively. There-
fore, regarding the acid–base behaviour of MEL, the supramolecular complex formation turns MEL less acidic 
in comparison with the free MEL. On the other hand, from the slope of the Ep/pH plot, it could be concluded 
that two-fold electrons than protons are involved in the electrochemical MEL oxidation process with the CG/
MoS2/CB[8] sensor. All these results are in good agreement with previous studies related to changes in the pKa 
values in supramolecular systems and with the electrochemical MEL  oxidation28,39. Finally, as an increase in the 
oxidation current while increasing the pH value was produced up to pH 7, further experiments were performed 
using phosphate buffer pH 7 (data not shown).

As a consequence of the negative charge presented in the portals of the CBs, the amount of salts in solution can 
influence in the complex formation with these supramolecular systems. Figure S4 shows the effect of increasing 
the electrolyte concentration on the analytical signal of the supramolecular complex when formed on the GC/
MoS2/CB[8] electrode surface (plot c). The behaviour of the free guest, either with the bare electrode (plot a) or 
with that modified with  MoS2 (GC/MoS2 system, plot b), are also included for comparison. It is worth noting 
that upon increasing the phosphate concentration up to 0.2 M, the oxidation response of the free MEL is almost 
constant (plots a and b), while for the sensor containing CB[8] a great increase in peak current is produced. This 
behaviour implies that an excess of salt in solution would make easier for MEL to reach the electrode surface 
and to enter into the CB[8] cavity. This fact is in good agreement with other results previously reported for 
electrochemical sensors based on  CB[n]s28. From the results, 0.2 M phosphate buffer at pH 7 was selected as 
supporting electrolyte for further experiments.

Once the chemical variables were optimized, instrumental parameters involved in the DPV response of MEL 
were individually evaluated. The pulse amplitude was varied in the 5 to 100 mV range and a current increase was 
observed up to 60 mV. At greater potential pulse amplitude values, the peak current did not change significantly, 
and broader peaks were obtained. So, a pulse amplitude of 60 mV was selected looking for to the best compromise 
between sensitivity and selectivity. The scan rate was varied from 5 to 60 mV/s and was adjusted by the individual 
studies of the step potential and the interval time. Best results were obtained scanning the potential at 30 mV/s 
resulting of a step of 15 mV and an interval time of 0.5 s.

(1)Ip = 0.4463nFAC

(

nFvD

RT

)1/2

.
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Influence of the MEL concentration: Analytical data. Once the sensor construction and all chemi-
cal and instrumental variables have been optimized towards MEL determination, DPVs of GC/MoS2/CB[8] at 
increasing MEL concentration were recorded (Fig. 5).

The current measured increases linearly as a function of the MEL concentration in the range from 
1.25 ×  10–6 M to 5.00 ×  10–5 M, according to the equation Ip (µA) = − 0.04 ± 0.02 + (1.58 ± 0.03) ×  105[MEL] 
(M), with a correlation coefficient of 0.997. The sensitivity, calculated as the slope of the calibration curve, was 
1.58 ×  105 µA ×  M−1. The detection and quantification limits, obtained from the standard deviation of the blank 
signal and the sensitivity as 3σ/slope and 10σ/slope, were 3.80 ×  10–7 M and 1.25 ×  10–6 M, respectively. Table S1 
depicts a comparative of the main analytical parameters reported towards MEL determination employing differ-
ent analytical procedures. Although some examples of extremely low detection limits are reported with sophisti-
cated  instrumentation7, analytical results obtained in this work are quite  similar15,40,41 or even  better5,6,11,13 than 
other previously reported, without the need to use electrochemical procedures that imply a certain accumulation 
time of MEL on the electrode  surface9,10 or a previous activation  step10, which means an increase in the total 
analysis time. Moreover, in our case a simple sensor construction is performed using environmentally friendly 
solvents such as water and ethanol in the working electrode preparation.

The accuracy and precision of the method were evaluated at 5.0 ×  10–6 M MEL concentration. A relative 
error of 3.8% was obtained. Precision was estimated in terms of reproducibility with different GC/MoS2/CB[8] 
electrodes (n = 3) obtaining a relative standard deviation value (RSD) of 4.4%. Storage stability was studied by 
recording weekly DPVs of a GC/MoS2/CB[8] sensor. The sensor was kept at 4 °C between measurements. Even 
after 6 weeks, 85% of the original response was retained, indicating an excellent stability.

Study of interferences. To evaluate the selectivity of the sensor, dopamine, ascorbic acid and uric acid 
were assayed as possible interferents in the determination of MEL in biological samples. In addition, pyridoxine 
(Vit B6) was also evaluated as interferent as this compound is present together with MEL in the pharmaceutical 
tablets analyzed. Differential pulse voltammograms of 2.0 ×  10–5 M MEL solutions without and with increasing 
interferent amounts, were recorded. It was considered that a substance causes interference at a concentration 
level that led to a change of 10% in the initial analytical signal of MEL. According to this criterium, the maxima 
concentrations of each interferent that can be present with the analyte without producing interference, were 
7.0 ×  10–5  M, 1.0 ×  10–4  M and 7.0 ×  10–5  M for dopamine, ascorbic acid and pyridoxine, respectively. On the 
other hand, no interference of uric acid was observed in the concentration range assayed (up to fivefold respect 
to MEL concentration).

MEL determination in real samples. To test the performance of the sensor in real applications, samples 
of different nature were subjected to MLT analysis: pharmaceutical formulations (containing 1.95 mg/tablet of 
MEL), and synthetics human urine and human serum. All procedures for the different sample preparation steps 
are described in “Procedures”. In the case of pharmaceutical formulations, the results of the standard addition 
procedure showed that Ip corresponding to the complex oxidation increased with MEL concentration added 
according to Ip (µA) = (1.2 ± 0.2) + (1.57 ± 0.08) ×  105 [MEL] M; r = 0.990. As no significative differences between 
this slope and that obtained from the calibration equation (1.58 ± 0.03) ×  105 µA/M, MEL was quantified by 
interpolating the corresponding peak current values in the calibration plot. From the results, a MEL amount of 
1.92 mg/tablet was obtained. In the case of biological samples (initially spiked at 5.00 ×  10–6 M MEL final con-
centration) we found significative differences between the slope obtained with the calibration equation and that 
obtained from the standard addition procedures (see Table 1). Then, this later procedure was employed for MEL 
quantification in the case of urine and serum samples. All analysis were carried out in triplicate. Table 1 resumes 
the results obtained in each case.

Figure 5.  Influence of MEL concentration in the peak current at the GC/MoS2/CB[8] sensor. 0.2 M pH = 7.0 
phosphate buffer. DPV conditions: scan rate 30  mVs−1, pulse amplitude 60 mV and step potential 15 mV.
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From these results, we demonstrate that the method proposed is good enough to be applied to MEL deter-
mination in real samples of different nature.

Methods
Reagents and instrumentation. Molybdenum disulphide (99%, 90 nm powder), cucurbit[8]uril, hex-
aamin ruthenium (III) and melatonin (99%) were supplied by Sigma Aldrich. Ethanol absolute (EtOH) (99%), 
acetonitrile, perchloric acid, phosphoric acid and acetic acid were purchased from Scharlau (Barcelona, Spain). 
All reagents used were of analytical reagent grade. The pharmaceutical tablets employed for the analytical appli-
cation were obtained from a commercial market. Synthetic serum and synthetic urine samples (both free of 
melatonin) were supplied by Sigma Aldrich, respectively. Milli-Q water was purified with a Milli Ro Milli Q Plus 
185 apparatus from Millipore (Waters, Milford, USA).

Electrochemical measurements were carried out with a µ-Autolab Type III potentiostat employing Gpes soft-
ware (both from Metrohm Autolab, Utrecht, Netherlands). Electrochemical Impedance Spectroscopy (EIS) was 
performed with a Frequency Response Analyzer (FRAII) from Eco-Chemie coupled with an Autolab PGSTAT 
302N from Eco-Chemie (Utrecht, The Netherlands). A conventional three-electrode system was employed with 
a glassy carbon electrode (GC; 3 mm in surface diameter either bare or modified) as working electrode. An Ag/
AgCl/KCl (3 M) electrode and a coiled platinum wire one were used as the reference and the counter electrode, 
respectively.

Atomic Force Microscopy characterization was done with a Nanoscope IIIa system (Veeco). The force curves 
were obtained with an Agilent 5500 PicoPlu6s system (Agilent) and a closed loop and using the same cantilever. 
The images were analyzed with the Gwyddion free-software  package42.

Procedures. Nanomaterials synthesis. MoS2 nanosheets were obtained following a top-down solvent exfo-
liation  strategy21. To this end, 75 mg of  MoS2 were exfoliated by ultrasonication during 2 h in 10 mL of EtOH/
H2O (45/55, v/v). The resulting suspension was kept at 4 °C for 24 h and centrifuged at 4000 rpm during 45 min. 
Next, the supernatant was separated and stored at 4 °C. The CB[8] suspensions (0.3 mM) were prepared in ul-
trapure water.

Electrochemical sensor preparation. Before modification, a commercial GC electrode was polished with 0.3 µm 
alumina slurry for 1 min, rinsed with ultrapure water and sonicated in ethanol (30 s) and deionized water (30 s) 
alternatively for three times, and dried under nitrogen flow. Next, the electrode surface was modified by a drop-
casting procedure with first, 6 µL of the  MoS2 nanosheets and, after let it dry at 40 °C, with a second layer of 6 µL 
of the CB[8] suspension (GC/MoS2 /CB[8] system) that was also let drying in the same way. For comparison, the 
same procedure was carried out only with the  MoS2 suspension (GC/MoS2) or with the CB[8] one (GC/CB[8]).

Electrochemical measurements. Differential Pulse Voltammetry (DPV) was employed as electrochemical tech-
nique. Voltammograms were performed scanning the potential from 0.25 to 0.95 V, in 0.2 M pH 7 phosphate 
buffer as supporting electrolyte. The pulse amplitude was 60 mV and the potential was scanned at a scan rate of 
30 mV/s as result of applying a step potential of 15 mV and an interval time of 0.5 s. Cyclic Voltammetry experi-
ments were carried out in 0.2 M phosphate buffer pH 7 scanning the potential between 0.25 to 1.00 V at different 
scan rates. Electrochemical impedance spectroscopy (EIS) measurements were performed at 0.75 V in 0.2 M 
phosphate buffer solution at pH 7 containing 1.0 mM MEL as electrochemical probe. A sinusoidal potential 
modulation of ± 10 mV amplitude was applied in the  105 Hz –  10–2 Hz frequency range. The experimental data 
were plotted in the form of Nyquist plots.

Atomic force microscopic (AFM) measurements. The AFM measurements were carried out operating in the 
dynamic mode using silicon cantilevers with a nominal radius of curvature of 8 nm and nominal force constant 
in the 1–5 N/m range (Bruker). The images were formed by 512 × 512 pixels. The hardest materials (sapphire and 
 MoS2) were measured at the end of the experiments to preserve the tip status.

Samples preparation. Pharmaceutical formulations: 5 commercial pills (containing 1.95 mg/pill of MEL), with 
an average weight of 343 ± 2 mg, were crushed in an agate mortar. Next, an accurate amount of about 100 mg of 
pulverized tablets was dissolved in 0.1 M  HClO4/20% acetonitrile mixture (c.a. 8 mL) under magnetic stirring, 
filtered and diluted to 10.00  mL10. Next, 125 µL subsamples of the sample solution (non-spiked and spiked at 
different final MEL concentration levels) were diluted to 5.00 mL with 0.2 M phosphate buffer pH 7, and the 
corresponding voltammograms were recorded.

Table 1.  Analytical applications. Results of MEL determination in different samples.

Sample Procedure Calibration curve Ip (µA)/[MLT] M r Recovery (%) n=3 RSD (%)n=3

Tablets External calibration Ip = (− 0.04 ± 0.02) + (1.58 ± 0.03) ×  105 [MEL] 0.997 98 7

Synthetic urine Standard addition Ip = (1.5 ± 0.1) + (2.9 ± 0.1) ×  105  [MEL]added 0.995 102 9

Synthetic serum Standard addition Ip = (0.48 ± 0.06) + (1.06 ± 0.06) ×  105  [MEL]added 0.992 90 9
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Synthetic urine samples were analyzed as follows: 1.0 mL of sample was spiked with MEL and diluted to 
10.00 mL with supporting electrolyte before DPV analysis (5.00 ×  10–6 M MEL final concentration). The standard 
addition procedure was carried out for MEL determination by spiking this sample at different MEL concentration 
in the linear range without any additional treatment.

Synthetic serum samples: 100 µL of human serum were diluted with supporting electrolyte, to 5.00 mL after 
being fortified and filtered through 0.45 µm filter (MEL at 5.00 ×  10–6 M final concentration). Next MEL was 
quantified by the standard addition procedure.

Conclusions
We developed a novel sensor combining  MoS2 nanosheets and cucurbit[8]uril on the surface of a GC electrode. 
Optimal performance of the sensor was obtained when a first layer of  MoS2 dispersed in EtOH/water was depos-
ited on the electrode surface, followed by a second layer of a CB[8] suspension. Images obtained from AFM 
allowed the identification of plateau–like structures (corresponding to  MoS2 nanosheets) covered by aggregates 
of CB[8] adsorbed on its surface. It was proved that the presence of CB[8] altogether with  MoS2 nanosheets 
reduces the resistance charge transfer, and also increases the electroactive surface, contributing to the improved 
performance of the sensor.

Combination of  MoS2 and the macrocyclic molecular receptor CB[8] enhances the signal of MEL oxidation, 
which is an unexpected behaviour for the electrochemical oxidation of an inclusion complex, confirming a 
synergistic effect between both components. Under optimized conditions the sensor showed a linear response 
with increasing MEL concentrations and was successfully applied on real samples (pharmaceutical formulations, 
human urine and serum) showing good recovery percentages in all cases. All the data collected in this study open 
new possibilities on the development of new sensors that combine nanomaterials and macrocyclic molecular 
receptors, and on their applications.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 2 March 2023; Accepted: 21 June 2023

References
 1. Hardeland, R., Pandi-Perumal, S. R. & Cardinali, D. P. Melatonin. Int. J. Biochem. Cell Biol. 38, 313–316 (2006).
 2. Alamro, A. A. et al. The effects of melatonin and vitamin D3 on the gene expression of BCl-2 and BAX in MCF-7 breast cancer 

cell line. J. King Saud Univ. Sci. 33, 101287 (2021).
 3. Srinivasan, V. et al. Therapeutic potential of melatonin and its analogs in Parkinson’s disease: Focus on sleep and neuroprotection. 

Ther. Adv. Neurol. Disord. 4, 297–317 (2011).
 4. Lee, M. H. et al. Optical sensing of urinary melatonin with molecularly imprinted poly(ethylene-co-vinyl alcohol) coated zinc 

oxide nanorod arrays. Biosens. Bioelectron. 47, 56–61 (2013).
 5. Chen, G., Ding, X., Cao, Z. & Ye, J. Determination of melatonin and pyridoxine in pharmaceutical preparations for health-caring 

purposes by capillary electrophoresis with electrochemical detection. Anal. Chim. Acta 408, 249–256 (2000).
 6. Albu, C. & Radu, G.-L. Development and application of a hplc-pda-fl method for the determination of melatonin and its precur-

sors in infant formulas. Food Anal. Methods 11, 951–958 (2018).
 7. Kocadaǧli, T., Yilmaz, C. & Gökmen, V. Determination of melatonin and its isomer in foods by liquid chromatography tandem 

mass spectrometry. Food Chem. 153, 151–156 (2014).
 8. Yao, S. et al. A rapid method to measure melatonin in biological fluids (milk and serum) with liquid chromatography-tandem 

mass spectrometry. Food Chem. 404, 134606 (2023).
 9. Smajdor, J., Piech, R., Pięk, M. & Paczosa-Bator, B. Carbon black as a glassy carbon electrode modifier for high sensitive melatonin 

determination. J. Electroanal. Chem. 799, 278–284 (2017).
 10. Xiao-Ping, W. et al. Study on the electrochemical behavior of melatonin with an activated electrode. Electroanalysis 14, 1654–1660 

(2002).
 11. Bagheri, H., Afkhami, A., Hashemi, P. & Ghanei, M. Simultaneous and sensitive determination of melatonin and dopamine with 

 Fe3O4 nanoparticle-decorated reduced graphene oxide modified electrode. RSC Adv. 5, 21659–21669 (2015).
 12. Yadav, K. et al. Protein nano Dots conjugated AuNP, poly-Lysine biointerface for the selective voltammetric estimation of Melatonin 

in pharmaceutical and food samples. Microchem. J. 179, 107563 (2022).
 13. Molaakbari, E., Mostafavi, A. & Beitollahi, H. Simultaneous electrochemical determination of dopamine, melatonin, methionine 

and caffeine. Sensors Actuators B Chem. 208, 195–203 (2015).
 14. Gómez, F. J. V., Martín, A., Silva, M. F. & Escarpa, A. Screen-printed electrodes modified with carbon nanotubes or graphene for 

simultaneous determination of melatonin and serotonin. Microchim. Acta 182, 1925–1931 (2015).
 15. Kumar, N. & Goyal, R. N. Nanopalladium grained polymer nanocomposite based sensor for the sensitive determination of Mela-

tonin. Electrochim. Acta. 211, 18–26 (2016).
 16. Hosseini, M., Hashemian, E., Salehnia, F. & Ganjali, M. R. Turn-on electrochemiluminescence sensing of melatonin based on 

graphitic carbon nitride nanosheets. J. Electroanal. Chem. 921, 116593 (2022).
 17. Coleman, J. N. et al. Two-dimensional nanosheets produced by liquid exfoliation of layered materials. Science 331, 568–571 (2011).
 18. Gupta, A., Sakthivel, T. & Seal, S. Recent development in 2D materials beyond graphene. Prog. Mater. Sci. 73, 44–126 (2015).
 19. Wang, Y. et al. Two-dimensional nanomaterials with engineered bandgap: Synthesis, properties, applications. Nano Today 37, 

101059 (2021).
 20. Huang, X., Zeng, Z. & Zhang, H. Metal dichalcogenide nanosheets: Preparation, properties and applications. Chem. Soc. Rev. 42, 

1934–1946 (2013).
 21. Petit-Domínguez, M. D. et al. Synergistic effect of  MoS2 and diamond nanoparticles in electrochemical sensors: Determination 

of the anticonvulsant drug valproic acid. Microchim. Acta. 185, 334 (2018).
 22. Blanco, E. et al. A 2D tungsten disulphide/diamond nanoparticles hybrid for an electrochemical sensor development towards the 

simultaneous determination of sunset yellow and quinoline yellow. Sensors Actuators B Chem. 324, 128731 (2020).



10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:10378  | https://doi.org/10.1038/s41598-023-37401-9

www.nature.com/scientificreports/

 23. Pumera, M. & Loo, A. H. Layered transition-metal dichalcogenides  (MoS2 and  WS2) for sensing and biosensing. TrAC 61, 49–53 
(2014).

 24. Blanco, E. et al. A supramolecular hybrid sensor based on cucurbit[8]uril, 2D-molibdenum disulphide and diamond nanoparticles 
towards methyl viologen analysis. Anal. Chim. Acta. 1182, 338940 (2021).

 25. Parra-Alfambra, A. M. et al.  MoS2 nanosheets for improving analytical performance of lactate biosensors. Sensors Actuators B 
Chem. 274, 310–317 (2018).

 26. Kim, J. et al. New cucurbituril homologues: Syntheses, isolation, characterization, and X-ray crystal structures of cucurbit[n]uril 
(n = 5, 7, and 8). J. Am. Chem. Soc. 122, 540–541 (2000).

 27. Kaifer, A. E., Li, W. & Yi, S. Cucurbiturils as versatile receptors for redox active substrates. Isr. J. Chem. 51, 496–505 (2011).
 28. del Pozo, M., Hernández, P., Hernández, L. & Quintana, C. The use of cucurbit[8]uril host –guest interactions in the development 

of an electrochemical sensor: Characterization and application to tryptophan determination. J. Mater. Chem. 21, 13657–13663 
(2011).

 29. del Pozo, M., Casero, E. & Quintana, C. Visual and spectrophotometric determination of cadaverine based on the use of gold 
nanoparticles capped with cucurbiturils or cyclodextrins. Microchim. Acta. 184, 2107–2114 (2017).

 30. Ashwin, B. C. M. A., Shanmugavelan, P. & Muthu Mareeswaran, P. Electrochemical aspects of cyclodextrin, calixarene and cucur-
bituril inclusion complexes. J. Incl. Phenom. Macrocycl. Chem. 98, 149–170 (2020).

 31. Zafra-Roldán, A. et al. New insights on the spectrophotometric determination of melatonin pKa values and melatonin-βCD 
inclusion complex formation constant. Spectrochim. Acta A 190, 442–449 (2018).

 32. Martinez-Moro, R. et al. Unveiling the collaborative effect at the cucurbit[8]uril-MoS2 hybrid interface for electrochemical mela-
tonin determination. Chem. Eur. J. 29, e202203244 (2023).

 33. Huang, K. J., Liu, Y. J., Liu, Y. M. & Wang, L. L. Molybdenum disulfide nanoflower-chitosan-Au nanoparticles composites based 
electrochemical sensing platform for bisphenol a determination. J Hazard Mater. 276, 207–215 (2014).

 34. Bae, Y. I., Hwang, I., Kim, I., Kim, K. & Park, J. W. Force measurement for the interaction between cucurbit[7]uril and mica and 
self-assembled monolayer in the presence of  Zn2+ studied with atomic force microscopy. Langmuir 33, 11884–11892 (2017).

 35. Hwang, I. et al. Cucurbit[7]uril: A simple macrocyclic, ph-triggered hydrogelator exhibiting guest-induced stimuli-responsive 
behavior. Angew. Chemie 119, 214–217 (2007).

 36. Chen, P. & McCreery, R. L. Control of electron transfer kinetics at glassy carbon electrodes by specific surface modification. Anal. 
Chem. 68, 3958–3965 (1996).

 37. Tsierkezos, N. G. cyclic voltammetric studies of ferrocene in nonaqueous solvents in the temperature range from 248.15 to 298.15 
K. J. Solut. Chem. 36(289), 302 (2007).

 38. Moldenhauer, J. et al. Optimization of electrochemical time of flight measurements for precise determinations of diffusion coef-
ficients over a wide range in various media. Electrochim. Acta. 345, 136113 (2020).

 39. Jiménez, J. et al. On-surface Cucurbit[n]uril supramolecular recognition for an optical sensor design. ChemistrySelect 4, 7036–7041 
(2019).

 40. Freitas, R. C. et al. Electrochemical determination of melatonin using disposable self-adhesive inked paper electrode. J. Electroanal. 
Chem. 897, 115550 (2021).

 41. Madhavan, A. S., Kunjappan, L. M. & Rajith, L. simultaneous electrochemical determination of l-dopa and melatonin at reduced 
graphene oxide-Cu0.5Co0.5Fe2  O4 modified platinum electrode. J. Electrochem. Soc. 168, 057533 (2021).

 42. Nečas, D. & Klapetek, P. Gwyddion: An open-source software for SPM data analysis. Cent. Eur. J. Phys. 10, 181–188 (2012).

Acknowledgements
The authors acknowledge financial support from projects PID2020-113142RB-C21 and PID2020-113142RB-C22 
and TED2021-129416A-I00 funded by MCIN/AEI/https:// doi. org/ 10. 13039/ 50110 00110 33 and P2018/NMT-
4349 (TRANSNANOAVANSENS-CM) funded by the Comunidad Autónoma de Madrid.

Author contributions
E.C., C.Q., M.D.P.-D., M.P. and J.A.M.-G. designed and supervised the experiments. R.M.-M. synthetized TMDs 
nanosheets and performed the electrochemical experiments. L.V. performed the AFM measurements. All authors 
contributed to analyze and discuss the data. E.C., L.V. and C.Q. wrote and edited the manuscript. All authors 
reviewed and approved the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 37401-9.

Correspondence and requests for materials should be addressed to E.C. or C.Q.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.13039/501100011033
https://doi.org/10.1038/s41598-023-37401-9
https://doi.org/10.1038/s41598-023-37401-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Electrochemical sensor based on the synergy between Cucurbit[8]uril and 2D-MoS2 for enhanced melatonin quantification
	Results and discussion
	Electrochemical sensor design. 
	Optimization of the sensor design. 
	AFM characterization. 
	SiCB[8]. 
	SiMoS2 sample. 
	SiMoS2CB[8] sample. 

	Electrochemical characterization of the GCMoS2CB[8] sensor. 
	Chemical and instrumental variables optimization. 
	Influence of the MEL concentration: Analytical data. 
	Study of interferences. 
	MEL determination in real samples. 

	Methods
	Reagents and instrumentation. 
	Procedures. 
	Nanomaterials synthesis. 
	Electrochemical sensor preparation. 
	Electrochemical measurements. 
	Atomic force microscopic (AFM) measurements. 
	Samples preparation. 


	Conclusions
	References
	Acknowledgements


