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A novel molecularly imprinted polymer (MIP) sensor based on the composite of graphene 

(GR) and co-polymer of 4-amino-3-hydroxy-1-naphthalenesulfonic acid (AHNSA) and 

melamine (MM) has been fabricated for detecting the melatonin. The MIP film was fabricated 

by the deposition of graphene layer on a glassy carbon electrode (GCE) surface followed by 

electropolymerizing AHNSA and MM in the presence of melatonin. The morphology of the 

sensor was characterized by using Field Emission-Scanning Electron Microscopy (FE-SEM) 

and Electrochemical Impedance Spectroscopy (EIS). The electrochemical performance of the 

imprinted sensor was investigated by using cyclic voltammetry and square wave voltammetry. 

The electropolymerization conditions, method of template removal, effect of template to 

monomer ratio and incubation time were optimized. Electrochemical results showed that the 

oxidation peak current increased linearly with the concentration of melatonin in the range 0.05 

to 100 µM L-1. The detection limit of the imprinted electrochemical sensor towards the 

melatonin determination is calculated to be 60×10-10 mol L-1. The suitability of GR/MIP based 

sensor has been demonstrated in detecting the melatonin in biological samples.  

 

 

Introduction  

Melatonin (N-acetyl-5-methoxytryptamine), a naturally 

produced indoleamine hormone, is biosynthesized from 

tryptophan via serotonin in reactions catalyzed by serotonin N-

acetyltransferase and acetylserotonin O-methyltransferase. It is 

secreted by the vertebrate pineal gland situated in the brain and 

stimulates in darkness (200 pg/ml) and suppressed by daylight 

(10 pg/ml), thereby regulating the circadian rhythm [1-3]. 

Melatonin is used as a chronobiotic that is capable of 

normalizing the disturbed circadian rhythms, including sleep-

wake rhythms and imbalances imposed by jet lag or shift work. 

Melatonin is also implicated in the regulation of mood, learning 

and memory, immune activity, dreaming, fertility and 

reproduction [1, 4-5]. In mammals, melatonin activates G 

protein-coupled receptors, the melatonin receptor 1 (MT1) and 

melatonin receptor 2 (MT2), present in many regions of the 

central nervous system and exert cellular and physiological 

actions including neuronal firing, arterial vasoconstriction, cell 

proliferation, immune responses, reproductive and metabolic 

functions [6]. Melatonin also behaves as an effective 

antioxidant and anti-inflammatory hormone that enhances the 

activity of antioxidant enzymes and diminishes oxidative injury 

[7, 8]. It has been found to act as a neuroprotective agent in 

Alzheimer and Parkinson's disease models and an 

immunomodulator in cancer therapy [9, 10]. Exogenous 

melatonin has an estimated oral bioavailability of 40–70% for 

doses of 2.5–µ100mg and the time to peak plasma 

concentration of exogenous melatonin has been estimated as 

60-150 min, after its administration and the elimination half-life 

is 20-50 min [11, 12]. 

Due to its significant role in human physiology, neuroscience 

and clinical diagnosis, several analytical techniques have been 

employed for the melatonin determination in biological and 

pharmaceutical samples. These techniques include HPLC with 

electrochemical and fluorometric detection, gas 

chromatography-mass spectrometry, micellar electrokinetic 

chromatography, spectrofluorimetry, chemiluminescence, 

radioimmunoassay and colorimetry (13-20). However, most of 

these techniques require expensive devices with sophisticated 

processes and maintenance along with complicated, tedious and 

time consuming derivatization and extraction steps. In addition 

these techniques require organic solvents for separation and, 

thus cause environment pollution. Electrochemical techniques 

on the other hand are reported as ecofriendly and considered as 

highly sensitive, selective and convenient tool with fast 

response and low cost as compared to the other routine 

analytical techniques [21]. Various modified electrodes, such as 

boron doped diamond electrode [11], carbon ionic liquid 

electrode modified with carbon nanotubes (CNTs) and cobalt 

hydroxide nanoparticles [4], drug membrane sensors, carbon 

paste electrode and glassy carbon electrodes modified with 

CNT’s [3, 22-26] have been used for the melatonin 

determination. However, the presence of higher concentration 

of some metabolites such as ascorbic acid and uric acid strongly 

interfere in the selective determination of melatonin in 

biological samples. Thus, the aim of this study was to prepare a 

sensor for the selective and sensitive determination of 

melatonin in human biological fluids. 
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As a typical approach for high affinity and specific recognition, 

molecularly imprinted polymers (MIPs) have gained a 

considerable attention in the recent years and have been found 

most promising in the field of artificial molecular recognition 

systems [27]. In place of biological recognition system, like 

antibody-antigen and enzymes, the MIPs have several potential 

advantages such as stability, predictable specificity, durability, 

affordability, easy preparation and lower-cost. These qualities 

make them an important and attractive tool in the form of 

artificial and robust recognition materials [28, 29]. In order to 

generate imprints with certain selectivity, a prepolymer is 

simply polymerized with a desired target molecule, which acts 

as a molecular template. During polymerization, functional 

groups in the prepolymer orient toward their counteracting 

partners in the template and this orientation remain as such, 

even when the template is removed. The cavities of the 

prepared polymer film, after extraction of the template, 

possessed both the correct shape and the correct orientation of 

the functional groups and allowed them to distinguish template 

molecules through their stereoconfiguration. As a new class of 

materials possessing high selectivity and affinity for the target 

molecule, MIPs have been widely applied in the sensor 

development [30, 31]. 

Graphene (GR), a two-dimensional planar sheet of sp2 bonded 

carbon atoms, densely packed in a honeycomb crystal lattice 

structure has high thermal conductivity, electrical conductivity, 

large accessible surface area, very efficient electrocatalytic 

behavior and good biocompatibility. Because of its outstanding 

properties, GR attracted considerable focus for its applications 

in energy storage, photovoltaic devices, nanocomposites, 

nanoelectronics, bioelectronics and biosensing [32-35]. MIP 

film fabricated on the surface of GR sheet has been proved as 

an excellent polymer nanocomposites surface for target species 

with higher affinity and sensitivity. Due to these features 

application of graphene as supporting material in the 

preparation of MIPs has been investigated [36-38].  As 

compared to other methods, like drop coating, composite 

membrane technique, an electropolymerization method has 

been found to have several advantages, such as high fabrication 

rates, low material consumption and controllable film thickness 

and morphology [39]. 

In this article, we have described a rapid, selective, sensitive 

and cost effective method based on MIP for the determination 

of melatonin. The GR as a supporting material, melatonin as 

template molecule, 4-amino-3-hydroxy-1-naphthalenesulfonic 

acid (AHNSA) and melamine (MM) as the monomers have 

been used to construct the MIP film on the surface of glassy 

carbon electrode. AHNSA and MM have been extensively used 

in MIP studies, however, in the present studies individual use of 

these monomers did not exhibit a significant increase in the 

peak current of melatonin. Hence, an attempt to use both of 

these monomers to form a copolymer was made and a 

remarkable increase in the peak current was noticed.  The 

proposed sensor (GCE/GR/MIP) exhibited large number of 

recognition sites for the melatonin, along with good stability 

and reproducibility. The results showed that the proposed 

sensor had good analytical performances such as sensitivity, 

selectivity and rapid response toward melatonin determination. 

 

Experimental 

 
2.1 Reagents and materials 

 

Melatonin, AHNSA, melamine, graphite powder (< 20 µm), 

ascorbic acid, uric acid sulphuric acid and nitric acid were 

purchased from Sigma-Aldrich Chemical Co, USA. All the 

chemicals used to prepare phosphate buffers in the pH range 

2.4–10.0 were obtained from E. Merck (India) Ltd. Mumbai. 

Phosphate buffers of ionic strength (1.0 M) were prepared 

according to the reported method [40]. The urine and blood 

samples of patient undergoing treatment with melatonin were 

obtained from the Institute hospital of IIT Roorkee, after the 

permission of the human ethical clearance committee of IIT 

Roorkee. The samples were obtained after 2 h of oral 

administration of melatonin and were stored in the refrigerator 

immediately after collection. The plasma was separated by 

centrifugation and used for the determination of melatonin. 

Urine and plasma samples were suitably diluted to minimize 

matrix complexity. The solution to be analyzed was transferred 

into the voltammetric cell without any further pretreatment. The 

standard addition method was used for the determination of 

melatonin in real samples. Melatonin containing tablets 

manufactured by different companies were purchased from the 

local market of Roorkee. All other chemicals and solvents used 

in the experiment were of analytical grade and double distilled 

water was used throughout the experiments. 

 

Apparatus 

 

All the voltammetric experiments were performed with a 

computerized Bio Analytical System (BAS, West Lafayette, 

USA) Epsilon voltammetric analyzer. A conventional single 

compartment three electrode glass cell, equipped with 

GCE/GR/MIP sensor as the working electrode, Ag/AgCl (3 M 

NaCl) reference electrode (BAS Model MF-2052 RB-5B) and a 

platinum wire as the counter electrode was used. The pH 

measurement was performed using Thermo Fisher Scientific, 

Singapore Digital pH meter (Eutech Instruments, model pH 

700). The Field Emission-scanning Electron Microscope (FE-

SEM) images were taken by the Zeiss ultra plus 55. 

Electrochemical Impedance Spectroscopy (EIS) was performed 

on galvanostat (model; Versastat 3, PAR). Powder X-ray 

diffraction (XRD) measurements were performed using Bruker 

D8-advance X-ray powder diffractometer. Raman spectroscopic 

measurements were performed on Renishaw invia Raman 

microscope. UV-VIS. spectroscopy was performed using 

Shimadzu spectrophotometer (UV-VIS) model UV-2450. 

 

Preparation of graphene 

  

The graphene was synthesized using the improved Hummers 

method [41]. Typically for the synthesis of graphene oxide 

(GO), 9 g of KMnO4 and 1.5 g of graphite powder were mixed 

in the solution of H3PO4 and H2SO4 (20:180) mixture. The 

solution was heated to 50 ºC and kept stirring for 12 h, after 

which a dark brown colored material was obtained. Next, 

addition of 100 mL of distilled water followed by the slow 

addition of 1.5 mL of H2O2 (30%), turned the color of the 

solution to yellow. After centrifugation and then sedimentation, 

the material obtained was washed with 200 mL of water 

followed by washing with 100 mL of HCl (30%). Further 

washing was done with 200 mL of ethanol and final sediment 

so obtained was GO. For the synthesis of graphene, reduction 

of GO was carried out by sonicating the mixture of 20 mL 

water, 50 mg GO and 0.5 mL of hydrazine for 1 h followed by 

stirring for 24 h at 50 ºC. After filtration black powder of 

graphene was obtained, which was dried in vacuum. GO and  
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Scheme-1: Graphene and Co-polymer composite induced surface for specific determination of melatonin. 

 

   
  

Fig.1 FE-SEM images observed for (A) Bare GCE (b) GR/ GCE (C) AHNSA-MM/GCE. 

                       

                     
  

Fig.2 (A) XRD pattern and (B) Raman spectrum observed for (a) Graphite, (b) GO and (c) GR  

 

graphene as obtained were characterized using XRD and 

Raman spectroscopic measurements. 

 

Preparation of graphene modified imprinted and non-

imprinted sensor 

For the fabrication of GR/MIP film on GCE, the surface of the 

glassy carbon was first polished with a paste of alumina powder 

(grade I) and ZnO on micro cloth pad to a mirror like finish 

surface and then it was rinsed with double distilled water. The 

construction of the GCE/GR/MIP mainly included three steps 

as follows (Scheme 1). Firstly, 10 µl of the ultrasonically 

dispersed graphene in a mixture of double distilled water and 

DMF (1: 9) at a concentration of 0.7 mg mL−1 was dropped on 

the surface of freshly cleaned GCE and dried at room 

temperature overnight [42]. Secondly, the film of imprinted 

copolymer was prepared by the electropolymerization of 
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AHNSA and melamine on the surface of graphene modified 

GCE. For this purpose, 0.01 M solution of AHNSA and MM 

were prepared in 0.1 M HNO3 and 0.1 M H2SO4, respectively. 

A 0.005 M solution of melatonin was used for MIP synthesis. 

The polymerization was carried out in a solution containing 2 

ml melatonin, 1 ml AHNSA and 1 ml of melamine monomer by 

using cyclic voltammetry in the potential range -0.8 V and +2.0 

V at a scan rate of 100 mV s-1 for optimized 20 scans [43, 44]. 

The film obtained was rinsed with double distilled water. 

Finally, modified electrode was cycled between -1.0 and +1.0 V 

at a scan rate of 100 mV s-1 for 25 cycles in 0.5 M H2SO4 to 

release the imprinted melatonin molecules from the composite. 

A non-imprinted polymer sensor (GCE/GR/NIP) was 

constructed under identical conditions except that the template 

molecule was absent in the electropolymerization step. The 

surface morphology of the bare and modified sensors at 

different stages was studied using FE-SEM and a comparison 

of the microscopic images observed is shown in Fig. 1. The 

deposition of GR as flakes and copolymerization of AHNSA 

and MM at GCE surface can be clearly seen as shown in Fig. 1. 

The rod shape structures in Fig 1 belong to AHNSA, while 

others are melamine, which was confirmed by separate SEM 

images of the individual polymers. The electro-polymerization 

was carried out by cyclic voltammetry, hence partial co-

polymerization of monomers took place. Thus, the SEM image 

shown in Fig 1C is not homogeneous 

 

Voltammetric procedure 

 

Stock solution of melatonin (1 mM) was prepared by firstly 

dissolving the required amount in a minimum amount (0.5 mL) 

of ethanol and then water was added upto the mark and the 

colourless solution obtained was stored in a refrigerator. For 

recording the voltammograms, required amount of the solution 

was added to the cell containing 2 ml of buffer and total volume 

was made to 4 ml using double distilled water. The imprinted 

sensor was then dipped in this solution for 4 min after which it 

was washed with double distilled water and then 

voltammograms were recorded under optimized parameters. 

The binding of melatonin with GCE/GR/MIP was strong, 

hence, it was removed by time base technique in which a 

potential of -800 mV was applied for 150s. The optimized 

square wave voltammetric parameters used were initial (E): 0 

mV, final (E): 1000 mV, square wave amplitude (Esw): 25 mV, 

potential step (E): 4 mV and square wave frequency (f): 15Hz. 

All potential reported are with reference to the Ag/AgCl 

electrode at an ambient temperature of 25 ± 2 °C. 

 

Result and discussion 

 
Characterization of graphene and GR/MIP film 

 

The XRD pattern observed for graphite oxide and graphene is 

presented in Fig. 2. GO exhibits a peak centered at 2h = 10.4◦, 

corresponding to the (002) plane (Fig. 2A curve b). After 

chemical reduction with hydrazine, graphite oxide was reduced 

to graphene nanosheets with a character peak at 2h = 24.7◦ with 

increased inter-planar spacing, which is larger than that of 

ordinary graphite as shown by curve C in Fig. 2A [42].  

The defect in the crystal structures of carbon during the 

synthesis of graphene from graphite was studied by Raman 

spectra. The changes in the relative intensity of two main 

peaks: D and G spectra were observed as shown in Figure 2B. 

The D band originating from the edges can be attributed to the 

defects in graphene nanosheets and G band, which is in-plane 

vibration of sp2 carbon atoms, can be used to explain the 

graphene layer thickness. A comparison of the spectra of 

graphite (curve a), GO (curve b) and GR (curve c) shows that 

D-band at ∼1354 cm−1 for GO and graphene shows larger 

intensity than graphite and an increment in D peak intensity 

confirms the formation of more sp2 domains. On the other hand, 

the G peak at around 1603 cm−1 for GO and at 1597 cm−1 for 

graphene is assigned to the first order scattering of the E2g 

phonon of sp2 C atoms, revealing decrease in number of layers 

in the flake [42, 45]. 

EIS is an effective method, which provides detailed information 

about the electron transfer at the interface of electrode and 

solution. The surface morphology of the imprinted and non-

imprinted sensors in terms of the impedance changes was 

carried out in the 1:1 solution of 5 mM K3Fe(CN)6 and 0.1 M 

KCl over the frequency range of 100 kHz to 10 mHz at a 

potential of 0.05 V. Randle's equivalent circuit was used to 

obtain EIS spectra; where (Rs) was the ohmic resistance of the 

electrolyte solution; (Cdl) was the double layer capacitance and 

(Rct) was the electron transfer resistance. The semicircle portion 

at higher frequency represents Rct and the linear part is due to 

the diffusion process and represents Warburg (ZW) resistance. 

The results were found to fit best to a simple Randles 

equivalence circuit. 

 

 
Fig.3 Nyquist-diagram for the electrochemical impedance 

measurement observed for GCE (a), GCE/NIPs (b), GCE/MIPs 

(c), GCE/GR-MIPs before extracting template (d), and after 

extracting template (e). The inset represents Randle's equivalent 

circuit. 

 

Fig. 3 shows the Nyquist plot of EIS observed for bare GCE 

(a), GCE/NIPs (b), GCE/MIPs (c), GCE/GR-MIPs before 

extracting template (d), and after extracting template (e). As 

presented in Fig. 3, Rct of bare GCE was found to be 1855 Ω, 

which was higher in comparison to the modified sensors (curve 

a). After modification of the GCE surface with MIP and NIP 

film, the Rct values decreased indicating thereby that NIP film 

has higher resistance value in comparison to the MIP film 

(curve b and c). This behavior can be explained on the basis 

that the NIP film has no available recognition site and hence, 

resist the electron-transfer kinetics of the redox probe at the 

electrode-solution interface. After incorporation of GR, 

resistance value significantly decreased implying that the 

graphene film formed high electron conduction pathways 

(curve d and e). After removal of the template from the GCE  
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Fig.4 (A) Effect of incubation time on the peak current response of 10 µM melatonin observed using the imprinted sensor 

at pH 7.2. (B) Effect of template to monomer concentration ratio on the response of sensor to melatonin. 

      

/GR-MIP sensor, the Rct values substantially decreased to 590 

Ω from 726 Ω, due to the exposure of the formed recognition 

sites or the binding cavities. 

 

Optimization of experimental conditions 

The incubation step is usually an efficient way to enhance the 

sensitivity of a MIPs sensor as it influences the interaction 

between imprinted film and analyte molecules. The effect of 

incubation time on binding capacity of melatonin was evaluated 

by immersing the proposed sensor into 10 µM concentration of 

melatonin from 1 min to 10 min and the current response was 

measured in phosphate buffer solution of pH 7.2. It was 

observed that the peak current increased with increase in 4 min 

after which, the peak current remained practically constant (Fig. 

4A). This behavior can be explained on the basis that all 

molecular recognition sites of the sensor get saturated by 

melatonin molecules and hence the current becomes constant. 

Thus, incubation time of 4 min was optimized for the 

subsequent studies. The sensitivity of the imprinted sensor is 

prescribed by the amount of effective imprinted sites on the 

sensor surface and to generate the imprinted sites on the sensor 

surface, the concentration ratio of template to monomer is 

found to play a key role. Therefore, to achieve the maximum 

sensitivity, the optimization was done by varying the 

concentration of the monomers up to 4 times in comparison to 

the template. For this experiment, the total volume of solution 

was taken 4 ml (2 ml melatonin, 1 ml AHNSA and 1 ml of 

melamine monomer). It was observed that the largest peak 

current response of imprinted film was obtained when it was 

synthesized by the solution having two times greater 

concentration of monomers in comparison to template (1:2). 

One of the reasons for highest absorbance at around 279 nm in 

1:2 composition is maximum binding of template to monomers.  

During the equal concentration of template and monomers 

(1:1), the current response was very small because of the 

limited amount of monomer available for combining to 

template molecules. On the other hand at the higher 

concentration of monomers (upto 3 and 4 times), the peak 

current again decreased as the imprinted membranes were too 

thick and binding sites were difficult to access by template 

molecules. The dependence of melatonin current response on 

the template-monomer concentration is presented in Fig. 4B. 

These results were further supported by UV-VIS spectroscopy. 

The MIP film was prepared on GR modified GCE with 1:1 to  

 

1:4 concentration ratio of template to monomers. To release the 

imprinted molecules from the film, the sensors were scanned in 

between the potential range of -1.0 and +1.0 V at a scan rate of 

100 mV s-1 for 25 cycles in 0.5 M H2SO4. The H2SO4 solutions 

were used for recording UV-Vis spectra. A typical UV 

absorption spectrum of melatonin solution shows a peak at 279 

nm as shown in the inset of Fig. 5. It was observed that the 

imprinted film with 1:2 templates to monomer concentration 

ratio had highest absorbance at 279 nM and thus had the 

highest number of binding site with template molecules (curve 

b). A comparison of UV spectra for H2SO4 solutions obtained 

from different ratio of template to monomer is presented in Fig. 

5. The inset of Fig. 5 shows the spectrum for standard 100 µM 

melatonin and the calibration curve, which is obtained from the 

UV spectra of melatonin in the concentration range of 0.5 µM    

to 100 µM. The linear regression equation for the calibration 

curve can be represented as: 

 

Absorbance = 0.0094 C (µM) + 0.0372 

 

having correlation coefficient of 0.997. By using this equation, 

the concentration of melatonin, which was released from the 

imprinted film cavity, was found to be 25 µM (curve b).  

 
Fig.5 Electronic absorption spectra of template melatonin in the 

solution of H2SO4 released from MIPS prepared with template 

to monomer ratio of template to monomer (a) 1:1 (b) 1:2 (c) 1:3 
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(d) 1:4. The inset represents the spectrum for standard 100 µM 

melatonin and a calibration plot of 0.5 µM to 100 µM of 

melatonin. 

 

Electrochemical characterization 

 

Cyclic voltammetry 

 

The cyclic voltammograms of melatonin were recorded at 

GCE/MIP, GCE/GR/NIP and GCE/GR/MIP sensors in the 

phosphate buffer of pH 7.2. A comparison of cyclic 

voltammograms observed is shown in Fig. 6. At all the sensors 

melatonin is irreversibly oxidized giving a single oxidation 

peak with peak potential of ∼733 mV, ∼672 mV, ∼665 mV 

and ∼648 mV at bare GCE, GCE/MIP, GCE/GR/NIP and 

GCE/GR/MIP sensors respectively. A poor broad response for 

the oxidation of melatonin was observed at bare GCE in 

comparison to the modified sensors. At GCE/MIP, a well-

defined oxidation peak was observed (curve c), however, after 

modification with graphene, the peak current of melatonin 

significantly increased (curve d). The electrochemical response 

of the GCE/GR/NIP was also examined and it was found that 

the anodic peak of melatonin shifted to negative potentials but 

the peak current did not show any increase as compared to 

GCE/MIP due to the absence of binding sites. Under the similar 

conditions, it was noticed that the peak current of melatonin at 

the GCE/GR/MIP was higher with negative shift of peak 

potential than that obtained at the GCE/MIP and GCE/GR/NIP. 

This behaviour indicated that the template melatonin imprinted 

procedure was successful and the remarkable enhancement of 

the peak current and negative shift of anodic peak potential was 

clear evidence of electrocatalytic effect of GR to the oxidation 

of melatonin. To ascertain the nature of the electrode reaction, 

scan rate studies were performed in the range of 10–200 mV s-1.  

The peak current of melatonin was found to increase linearly 

with increase in the sweep rate and the dependence of the 

anodic peak current on scan rate can be expressed by the 

relation:  

 

ip (µA) = 0.040[v] + 0.669 

 

having a correlation coefficient of 0.998, where v is the scan 

rate in mV/s and ip is the peak current in µA. The linear relation 

of ip versus scan rate plot (inset of Fig. 6) indicated that 

oxidation of melatonin is adsorption controlled at 

GCE/GR/MIP which was further confirmed by the linearity of 

ip/v
1/2 vs. log v and log ip vs. log v plots. The dependence of log 

ip on log v can be expressed by the relation: 

 

log ip = 0.747 log v - 0.809 

 

with a correlation coefficient 0.997. The slope value (>0.5) of 

log ip vs. log v plot further confirmed that the oxidation of 

melatonin involved adsorption complications [39]. 

 

Square wave voltammetry 

 

As square wave voltammetry (SWV) is a more sensitive 

technique than cyclic voltammetry, further studies are carried 

out using SWV. Square wave voltammograms of 100 µM 

melatonin were recorded at bare GCE, GCE/MIP, 

GCE/GR/NIP and GCE/GR/MIP sensor surfaces in phosphate 

buffer solution of pH 7.2 using the optimized parameters of 

SWV. At bare GCE, a poor voltammetric response was  

 
 

Fig.6 Typical cyclic voltammograms observed for 100 µM 

melatonin using (a) bare GCE, (b) GCE/GR/NIP, (c) GCE/MIP 

and (d) GCE/GR/MIP in phosphate buffer of pH 7.2 at a scan 

rate of 100 mVs−1. Inset represents a graph between log ip and 

log ν. The background is shown by the dotted line. 

 

observed with a low peak current (ip), whereas, at GCE/GR, 

GCE/MIP and GCE/GR/NIP a sharp peak due to oxidation of 

melatonin was observed at less potential in comparison to GCE. 

(Fig.7, curves b - d). At GCE/GR/MIP sensor, the Ep of  

 

 

 
Fig.7 A comparison of SWVs observed for 100 µM melatonin 

at (a) bare GCE (b) GCE/GR, (c) GCE/GR/NIP, (d) GCE/MIP 

and (e) GCE/GR/MIP. The background is shown by the dotted 

line. 

 

melatonin further shifted to more negative potentials with 

increase in peak current (curve e).  This suggests that though 

GCE/GR catalyze the oxidation of melatonin the catalysis is 

lesser than observed in the case of GCE/GR/MIP. The excellent 

sensitivity of the GCE/GR/MIP toward melatonin can be 

attributed to the recognition sites situated in the MIPs film. 

These recognition sites complimented the molecular shape, 

size, and functionality of the template molecule, resulting in the 

specific binding ability of melatonin. 
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Effect of pH  
 

 

 

Table 1. A comparison of the working range and detection limit of melatonin at imprinted sensor with recently reported 

methods. 

  

Sr. No. Electrode Type pH Linear range Detection Limit Reference 

1. Carbon paste   1.7 3-550 µM 2.3 µM [3] 

2. CIL/MWCNTs-CHNPs   7.5 0.01-50 µM 0.004 µM  [4] 

3. BDD   3.0 0.5-4 µM 0.11 µM [11] 

4. AGCE   6.7 0.8-10 µM 0.05 µM [22] 

5. BT-drug membrane sensors 5.0 1-0.104 µM 7 µM [23] 

6. MWNTs-DHB/GCE 7.5 0.08-10µM 0.02 µM [24] 

7. GCE 4.3 10-500 µM 1.48 µM [25] 

8 GCE/GR/MIP 7.2 0.05-100 µM 0.006 µM Present work 

 

The influence of pH on the anodic peak potential of melatonin 

was determined by using square wave voltammetry at imprinted 

sensor in the pH range 2.2–10.0. It was observed that the peak 

potential (Ep) of melatonin shifted to less positive potentials 

with increase in pH. The dependence of pH on the peak 

potential was linear and can be expressed by the relation: 

 

Ep (pH 2.2-10) = [-37.52 pH + 889.23] mV vs. Ag/AgCl 

 

having correlation coefficient of 0.998. The value of dEp/dpH ̴ 

37.52 mV/pH suggests that the number of electrons transferred 

in the oxidation of melatonin is double that of protons as 

reported in the literature [3, 4]. 

The dependence of the anodic peak current of melatonin on the 

square wave frequency was studied in the range 5–50 Hz using 

imprinted sensor. The peak current was found to increase 

linearly with square wave frequency and the linear relation 

between ip and f can be expressed by the equation: 

  

ip (µA) = 0.1948[f] + 2.12 

 

having a correlation coefficient of 0.990. This is in agreement 

with an adsorption controlled electrode reaction, which 

supports the inferences obtained from cyclic voltammetric 

studies. 

 

Calibration curve for GCE/GR/MIP 

 

To investigate the practical applications of the imprinted sensor 

for melatonin determination, the dependence of the oxidation 

peak current on the concentration of melatonin was examined 

in the phosphate buffer solution of pH 7.2. Fig. 8 shows the 

square wave voltammograms observed for various 

concentration of melatonin at the GCE/GR/MIP. The oxidation 

peak current (Ep ̴ 625 mV) increased linearly with increasing 

the melatonin concentration. The inset of Fig. 8 shows the 

corresponding calibration curve, demonstrating that in the range 

0.05 µM to 100 µM, the anodic peak current has a good linear 

relationship with melatonin concentration. The linear regression 

equation can be represented as: 

 

ip (µA) = 0.1408 C (µM) + 0.8531 

 

 
Fig.8 Square wave voltammograms recorded for increasing 

concentration of melatonin (a) 0.05; (b) 1; (c) 3; (d) 10; (e) 20; 

(f) 30; (g) 50; (h) 70; (i) 80; (j) 100 µM  at GCE/GR/MIP in 

phosphate buffer of pH 7.2. Inset is the observed calibration 

plot between [C] and ip. (Incubation time: 4 min.). 

 

having a correlation coefficient of 0.998. The detection limit at 

imprinted sensor was evaluated by using the relation 3σ/b, 

where σ is the standard deviation of the blank solution and b is 

the slope of the calibration curve and was found to be 60×10-10 

M. The detection limit of the presented sensor was also 

compared with reported in the literature in recent years and is  

summarized in Table 1. It can be seen that GCE/GR/MIP 

offered a wider linear range and an excellent lower detection 

limit than reported earlier. 

 

Selectivity 

 

Selectivity is an important indicator in order to test the practical 

application of the sensor. The interference substances are 

present in biological fluids and may interfere with the 

determination of melatonin through conventional methods. The 

selectivity of the imprinted sensor in this work was evaluated in 

the presence of main interfering molecules like ascorbic acid 
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(AA), uric acid (UA), xanthine (XA), tryptophan (TP) and 

guanine (GA) present in the biological fluids. Among various  

 

                       
Fig.9 (A) Observed selectivity of imprinted sensor for 20 µM melatonin with (A) blank solution, (B) 1000 µM ascorbic acid, (C) 

2000 µM uric acid, (D) 100 µM xanthine, (E) 100 µM tryptophan and (F) 100 µM guanine. (Incubation time: 4 min.). (B) 

Selective adsorption of melatonin by GCE/GR/MIP sensor. 

 

interferents, TP and GA were tested due to their 

electrochemical activity and structural similarity. AA and UA 

were measured because they largely present in human 

biological fluids, while XA has an overlapping oxidation 

potential on the sensor with melatonin. SWV response of 

solutions having a mixture of melatonin and 5-100 fold 

interfering substances was recorded at pH 7.2 using imprinted 

sensor. The oxidation potential for AA, UA, XA, TP and GA 

were observed at 40 mV, 340 mV, 650 mV, 720 mV and 900 

mV, respectively. The experimental results in Fig. 9A showed 

that no significant changes in the peak current response of 

melatonin were observed in the presence of these interfering  

 

substances. Fig. 9B shows the SWVs current response of 

melatonin and other interferents at GCE/GR/MIP and 

GCE/GR/NIP sensor. The results are indicating that the amount 

of melatonin bind on GR/MIP sensor is much more than those 

of comparative interferents.  There is only a slight difference 

between GR/MIP and GR/NIP current response of different 

interferents. This can be interpreted as the specific integration 

of melatonin into the complementary imprinting cavities in the 

imprinted composite. However, other interferents are also 

showing a slight current response which is possibly attributed 

to the non-specific adsorption at the GCE/GR/MIP sensor. The 

relatively higher current response for TP than other interferents 

is attributed to its similar structure, which makes it to diffuse 

into the imprinting cavities and cause some non-selective 

adsorption. The variation of the oxidation peak current of 

melatonin in all the cases was in the range ± 4%. Thus, it is 

concluded that, the recognition binding sites formed by the 

molecular imprinting of guest molecules had the selectivity 

towards melatonin and selectivity is not due to the difference in 

redox potential of melatonin and interfering compounds. 

 

Reproducibility and stability of the sensor 

 

To evaluate the reproducibility of the developed sensor, a series 

of six sensors were prepared for the detection of 10 µM 

melatonin. The peak current response of melatonin was 

determined with six sensors under the same conditions 

(incubating time 4 min). The relative standard deviation (RSD) 

of the measurements for the six sensors was ± 1.3 %. Good 

reproducibility of each sensor was indicated after elution and 

rebinding of the template. Interday precision was also examined 

by measuring the response of the peak current at the imprinted 

sensor for 10 consecutive days for the 10 µM concentration of 

melatonin and the R.S.D. value was found to be ± 2.56%, 

which confirmed the excellent reproducibility of imprinted 

sensor. 

The stability of the three imprinted sensors was also determined 

by measuring the voltammetric current response of constant 

concentration of 10 µM of melatonin, after dipping them over a 

period of 3 days and 6 days in double distilled water. The 

current response decreased by 2.23% and 4.31% of its initial 

value after 3 days and 6 days, respectively. Simultaneously, 

three imprinted sensors were used to detect 10 µM melatonin 

solutions every three days for one month. After two weeks, the 

current response was retained to 95% of the initial value, 

whereas decreased to 70% after a month. These results 

suggested that the proposed sensor possessed acceptable 

storage stability for two weeks. 

 

Analytical applicability of imprinted sensor 
 

Pharmaceutical samples 

 

To demonstrate the analytical applicability of the imprinted 

sensor in formulations, two commercially available tablet 

Zytonin 3 mg tablet (Cadila Healthcare Ltd., Ahmedabad, 

Gujarat) and Eternex 3 mg tablet (Dabur Pharmaceuticals Ltd., 

Baddi, Himachal Pradesh) were analyzed. The solution of the 

 

Table 2. Determination of melatonin in pharmaceutical samples 

using imprinted sensor. 

 

Sample Stated Cotent 

(mg) 

Determined 

Content (mg) 

Error (%) 

Eternex 

Zytonin 

3 

3 

2.98 

2.97 

0.6 

1.0 

 

tablet samples was prepared by the dissolution in minimum 

amount of ethanol, followed by sonication for 20 min and then 

dilution was made with water to obtain final volume. The 

samples were subsequently diluted with buffer (pH 7.2) so that 

the concentration of melatonin reached in the working range. 

Square wave voltammograms were then recorded by incubating 
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the imprinted sensor for 4 min in samples under optimized 

conditions. Keeping dilution factor in consideration, it was 

found that the observed value of melatonin concentration in 

pharmaceutical samples was in good agreement with the label 

contents as shown in Table 2. 

 

Real samples 

 

Melatonin levels are highest during adolescence and begin to 

decrease in the middle and latter years of life. Melatonin 

hormone produces by the pineal gland under the influence of 

the dark/light cycle, is involved in the control of the circadian 

system. The lower secretion of melatonin in the human body 

leads to sleeping disorders (insomnia) and Alzheimer’s disease. 

In the earlier studies, it has been suggested that the exogenous 

melatonin may be a potential treatment for insomnia [46, 47]. 

However, oral melatonin administration is disadvantageous 

because of its poor bioavailability, which may result in plasma 

melatonin concentrations varying up to 25-fold among subjects 

after application of the same dose. It has been also reported that 

after oral administration of melatonin, its peak plasma 

concentration is reached within 1.5 h. The concentration of 

melatonin in plasma and urine samples of the healthy 

volunteers, after oral administration of 3-100 mg melatonin 

tablets has been detected by using RIA techniques and the 

concentration is found to vary in the range of nM concentration 

(varied according to oral dose as well as individual volunteers) 

[12, 48-50]. To examine the practical applicability of the 

proposed method, the evaluation of melatonin level in the blood 

plasma of the insomnia patents undergoing treatment with  

 

Table 3. Recovery data for melatonin determination in patient 

plasma sample at imprinted sensor. 

 

Sr. no. Spiked 

(µM) 

Observeda 

(µM) 

Actualb   

(µM) 

Recovery 

(%) 

1. 

2. 

3. 

4. 

0 

0.5 

1.0 

2.0 

0.078 

0.572 

1.083 

2.080 

0.078 

0.072 

0.083 

0.085 

---- 

98.80 

100.50 

100.35 

The R.S.D. value for the determination was less than 1.74% for n=3. 
a
The observed values are sum of melatonin present + spiked amount. 

b The actual amount is observed –spiked amount 

 

melatonin (10 mg dose) has been done. The SWVs were 

recorded to determine the concentration of melatonin in the 

plasma samples after dilution with buffer solution in 1:1 ratio. 

By using standard addition plot, the melatonin concentration 

was detected in the plasma and the concentration of melatonin 

was found to be 78 nM (Fig. 10). The negative intercept on the 

x-axis corresponds to the amount of the analyte in the test 

sample. This value is given by a/b, the ratio of the intercept and 

the slope of the regression line. The recovery of melatonin after 

spiking was also determined and was found in the range of 

98.8–100.5% as summarized in Table 3. The excellent 

recoveries with the low RSD value indicate the accuracy and 

reproducibility of the proposed method. As melatonin excreted 

in urine is relatively low [49], the determination is carried out 

by recovery experiments. For the recovery measurements, urine 

samples were spiked with known concentrations of standard  

 

 
 

Fig.10 Observed standard addition plot for melatonin 

concentration in patient plasma sample. 

 

solution of melatonin. Before analysis, the urine samples were 

diluted 4 times with buffer solution and square wave 

voltammograms were recorded. The concentration of melatonin 

in urine samples was then calculated by using regression 

equation and the results obtained are tabulated in Table 4, 

showing recovery in the range of 98.5–102.0% with RSD of ± 

3.4% (n = 3). Thus, melatonin can be estimated in urine 

samples using the developed sensors. 

 

 

Table 4. Recovery data for melatonin determination in urine 

sample at imprinted sensor. 

 

Sr. no. Spiked 

(µM) 

Detected 

(µM) 

Recovery 

(%) 

1. 

2. 

3. 

1.0 

1.5 

2.0 

1.02 

1.52 

1.97 

102.00 

101.33 

98.50 

The R.S.D. value for the determination was less than 2.18% for n=3. 

 

Conclusion 

 
A rapid, sensitive and extremely selective electrochemical 

sensor has been developed for the determination of melatonin 

by using novel graphene and co-polymer composite as the 

functional matrix. The prepared sensor displayed a good 

recognition capacity for template molecule in the presence of 

other biomolecules. The developed sensor was successfully 

applied for the determination of melatonin in pharmaceutical 

formulations and in human biological fluids. The strategy 

proposed in this work is applicable to determine the nano-molar 

concentration of melatonin in blood as well as in urine sample. 

A linear relationship between the melatonin concentration and 

the current response was obtained at imprinted sensor with 

excellent reproducibility and a low detection limit of 60×10-10 

M. In addition, the sensor is selective as no interference from 

uric acid and ascorbic acid, commonly present in biological 
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fluids, is observed. The fabrication procedure of the imprinted 

sensor is rapid, convenient and eco-friendly, which is essential 

to the flexible applications. Thus, it is concluded that the 

proposed molecularly imprinted method can be used as a 

recognition tool for the selective determination of melatonin 

with adequate accuracy in clinical and pharmaceutical samples. 
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