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Abstract

A highly sensitive and rapid electrochemical sensor was developed for detecting melatonin using a molecularly imprinted
polymer (MIP) with methylene blue as the functional monomer and melatonin as the template. The MIP was synthesized via
a simple electropolymerization process that did not require an initiating reagent. The sensor demonstrated good selectivity for
melatonin against common interferences such as lactate, cytosine, cytidine, urea, ascorbic acid, creatine, creatinine, serotonin,
and tryptophan. Melatonin detection was achieved at a potential of 0.60 V vs. Ag/AgCl with a sensitivity of 138.8 +4.7 pA
uM ! in the linear range 0.097 — 200 uM and a limit of detection of 29 nM (3Sy/m). The sensor exhibited excellent reproduc-
ibility and repeatability for both within (intra) and between (inter) electrodes (%RSD < 3% for n=3). The sensor was applied

to authentic urine and saliva samples with recoveries of 103 + 1% and 102 + 1%, respectively.
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Introduction

Melatonin (N-acetyl-5-methoxytryptamine) is a hormone
produced by the pineal gland in the brain, primarily in
response to darkness. It regulates sleep—wake cycles and
plays a crucial role in the body's internal clock [1]. It has
various functions, including controlling seasonal rhythms
[2], enhancing immune function [3], regulating retinal physi-
ology [4], managing neural stem cells [5], and preventing
tumorigenesis [6]. Melatonin acts as an antioxidant, pro-
tecting cells from oxidative damage [7]. It may also have
a role in mood regulation [8] and can be used to treat jet
lag [9], sleep disorders [10], neurodegenerative conditions
[11, 12], and has potential anticancer properties [13]. Given
the broad spectrum of melatonin's effects on the body, it is
crucial to be able to accurately and non-invasively measure
melatonin levels.
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At present, melatonin can be detected by various tech-
niques such as high performance liquid chromatography-
mass spectrometry [14, 15], gas chromatography-mass
spectrometry [16], fluorescence [17], spectrophotometry
[18, 19], optical sensing [20], capillary electrophoresis
with electrochemical detection [21], capillary electropho-
resis with UV and fluorometric detection [22], radioimmu-
noassay [23], enzyme-linked immunoassay (ELISAs) [24,
25], and electrochemical techniques such as voltammetry,
amperometry and electrochemical impedance spectroscopy
[26, 27]. Among these techniques, electrochemical detection
has emerged as one of the most promising due to its low
cost, simplicity, ease of operation, robustness, fast measure-
ment, high sensitivity, wide dynamic range, portability, and
potential for miniaturization and integration into wearable
devices for in vivo and real-time monitoring.

However, the electrochemical detection of melatonin
faces several challenges in the development of selective
sensors that are not influenced by the matrix and interfer-
ences. Electrode fouling by biological components in clini-
cal samples such as blood, saliva, sweat, and urine is another
significant challenge in the development of electrochemical
sensors for melatonin detection. Reproducibility, detection
range, and limit of detection are also important concerns.
Therefore, a novel anti-fouling and selective electrode
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Scheme 1 Preparation of
methylene blue molecularly
imprinted polymer for mela-
tonin analysis
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material is key to developing a durable and accurate elec-
trochemical sensor for melatonin detection.

Recently, functional materials have been utilized to
overcome the limitations of traditional electrodes. Among
these materials, molecularly imprinted polymers (MIPs)
have shown great promise. MIPs are three-dimensional,
crosslinked polymers with specific molecular recognition
abilities. They are synthesized through polymerization of
functional monomer(s) and a template molecule, followed
by the removal of the template to create cavities with size,
shape, and functional groups specific for interacting with
the target analyte through bonding or non-bonding interac-
tions [28, 29].

In this work, we prepared a new porous MIP material by
electropolymerizing methylene blue with melatonin as the
imprinted template molecule for fast and simple detection of
melatonin in urine and saliva samples (Scheme 1). Methyl-
ene blue, a widely accessible and cost-effective compound,
serves as an ideal candidate for MIP synthesis. It forms a
highly electrically conductive polymer, and its electrochemi-
cal properties can be adjusted to optimize the detection of
melatonin. During the electropolymerization process, the
positively charged methylene blue can establish strong elec-
trostatic attractions with the negatively charged melatonin
(under neutral conditions). Additionally, methylene blue
possesses aromatic rings that can participate in n-x stack-
ing interactions with the aromatic rings in melatonin. These
interactions facilitate the creation of well-defined binding
sites within the MIP, thereby enhancing the sensor's sensitiv-
ity and selectivity towards melatonin.

Experimental
Chemical reagents
All reagents were of analytical grades and used as received

without further purification: melatonin (C,3H;(N,0,, 99.1%,
Supelco), methylene blue (C;4H;4CIN;S.H,0,>99.0%,
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Qréc), ethyl alcohol (C,HO, 99.9%, Qréc), acetic acid
glacial (CH;COOH, 99.8%, Qréc), potassium chloride
(KC1,>99.0%, Sigma-Aldrich), potassium hexacyano-
ferrate (II) trihydrate (K4[Fe(CN)q] 3H,0,>98.5%,
Sigma-Aldrich), potassium hexacyanoferrate (III)
(K;5[Fe(CN)gl, >299.0%, Sigma-Aldrich), sodium hydro-
gen carbonate (NaHCOj5, >99.0%, Qréc), sodium car-
bonate (Na,CO;, 99.5%, KemAus), sodium dihydrogen
phosphate dihydrate (NaH,PO, 2H,0, >99%, Qréc), di-
sodium hydrogen phosphate anhydrous (Na,HPO,, 99.0%,
Qréc), sodium citrate tribasic (CqHsNa;04, >99.0%,
Sigma-Aldrich), citric acid anhydrous (CcHgO-,
99.5%, Qréc), serotonin (C,yH;,N,0,>98%, Supelco),
L-tryptophan (C,;H,,N,0,,>98.5%, TCI), cytosine
(C4HsN;0,>98%, TCI), cytidine (CyH;3N;05,>98%,
TCI), L-ascorbic acid (CgHgOgq > 99.0%, Sigma-Aldrich),
creatinine (C,H;N;0, >98%, Sigma-Aldrich), sodium
L-lactate (C;HsNaO;3, >99.0%, Sigma-Aldrich), urea
(CH4N,0, >98%, Sigma-Aldrich), sodium sulfate
(Na,SO,,>99.5%, Tokyo Chemical Industry), and alumina
powder (1.0, 0.3, and 0.05 um, Buehler, USA). Deionized
water (DI) from the Elga Purelab Ultra water purification
system (Elga Labwater, UK) was used for all experiments.

Electrochemical studies

All electrochemical experiments were carried out in
N,-saturated aqueous solutions using a PalmSens4 potentio-
stat (PalmSens, Netherlands) and a standard three-electrode
system in a Faraday cage thermostated at 25 °C. A glassy
carbon electrode (GCE, 3.0 mm diameter, ItalSens) a silver/
silver chloride electrode (Ag/AgCl in saturated KCl, Ital-
Sens), and a platinum sheet were used as working, reference,
and counter electrodes, respectively.

Electrode preparation and characterization

The glassy carbon electrode (GCE) was polished using
alumina powder (Buehler, USA) with particle sizes of
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1.0 pm, 0.3 pm and 0.05 pm on soft lapping pads (Buehler,
USA) and rinsed with deionized water prior to use. To pre-
pare the methylene blue molecularly imprinted polymer,
the cleaned GCE was subjected to cyclic voltammetry in
the potential range between —0.5 V and 1.4 V at a scan
rate of 50 mV s™! for 15 cycles in a solution containing
1.0 mM methylene blue (functional monomer), 0.10 mM
melatonin (template), and 0.10 M phosphate buffer pH 7.0.
Next, the melatonin template was eluted by immersing the
electrode in a 4:1 (V/V) ethanol:acetic acid mixture for
8 min under constant stirring at 300 rpm. This forms the
methylene blue molecularly imprinted polymer on a glassy
carbon electrode (MIP/GCE) for the analysis of melatonin.

The morphology of the molecularly imprinted polymer
was probed by a field-emission scanning electron micro-
scope (Zeiss Auriga FESEM/FIB/EDX, 3.00 kV, Carl
Zeiss, Oberkochen, Germany). The functional groups of
the formed molecularly imprinted polymer were probed
by Fourier-transform infrared spectrometer (ATR-FTIR,
Tensor 27, Bruker, Germany).

Application to urine and saliva samples

Urine samples were collected from five healthy volunteers
at 12:00 p.m., with a volume of ca. 35 mL per person.
Saliva samples were collected from five healthy volun-
teers between 11:00 a.m. and 12:00 p.m. Prior to collec-
tion, the volunteers were instructed to abstain from eat-
ing and drinking for one hour. The standard method of
using Salivettes (Sarstedt Ltd, Niimbrecht) was employed,
wherein the volunteers gently chewed on a cotton swab
for one minute and the collected saliva was transferred
into a sampling tube. The sample was then centrifuged
at 1000 X g for 2 min to remove particles or mucus, and
subsequently analyzed for melatonin using the developed
electrochemical sensor. After collection, the samples were
stored in a refrigerator at a temperature of 2—8 °C.

The samples were spiked with 30 uM melatonin, diluted
25-fold with phosphate buffer pH 7.0, and subjected to DPV
measurements at a pulse amplitude of 0.175 V, pulse width
0f 0.05 s, and a scan rate of 10 mV s~!. The obtained results
were analyzed and reported as a percentage recovery (the
mean value of triplicate measurements + standard deviation).

This work was conducted with the ethical approval of
the Human Research Ethics Office, Institute of Research
and Development, Suranaree University of Technology
(EC-65-80). The inclusion criteria for subject selection
were healthy Thai volunteers of all genders, aged between
18-60 years old, with no chronic diseases or regular medica-
tion use in the following disease groups: eye diseases, spinal
cord injuries, liver and kidney diseases, and inflammatory
bowel diseases.

Results and discussion

First, the electrochemical properties of melatonin were
investigated at a bare glassy carbon electrode (GCE). Next, a
melatonin-templated methylene blue molecularly imprinted
polymer electrode (MIP/GCE) was fabricated by electropo-
lymerization, with the polymerization method optimized
for melatonin detection. The resulting electrodes were
then characterized for their thickness, surface morphology,
surface functional groups, and charge transfer properties.
Finally, the developed sensor was tested for its analytical
performance and applied for melatonin analysis in urine and
saliva samples.

Cyclic voltammetry of melatonin at bare GCE

The electrochemical properties of melatonin were first
investigated using cyclic voltammetry at a bare GCE. An
oxidation peak was observed at 0.690 V at a scan rate of
10 mV s~! (Fig. 1a). The absence of the backward peak
indicated a chemically irreversible nature of the process.
Tafel analysis of the oxidative currents was used to inves-
tigate electron transfer kinetics of melatonin, according to
Eq. 1 [30-33]:

M_ (n,+ﬂn/+l)F (])
o0E RT

where [ is the voltammetric current in the range of 15 — 50%
of the peak current at the slow scan rate of 10 mV s™'. This
current range was chosen in order to eliminate the mass
transport effect [34]. E is the potential, F is the Faraday
constant (96,485 C mol ~ 1), R is the molar gas constant
(8.314 J K~ mol™), T is the absolute temperature (298 K),
n'is the number of electron transfer before the rate deter-
mining step (RDS), f,,,, is the anodic transfer coefficient
of the RDS.

The apparent transfer coefficient (n/ + 8, ) of melatonin
oxidation at a glassy carbon electrode was determined to be
0.74+0.01 (Fig. 1a). The results therefore indicated that
the first electron transfer was the rate determining step of
the reaction.

Next, the effects of scan rates on the voltammetric
responses of melatonin were investigated (Fig. 1b). Figure 1c
showed that the peak currents increased linearly with square
root of scan rates, indicating a diffusion-controlled process.
The diffusion coefficient was then determined according to
Eq.2tobe 1.50x 1072 +0.03x 10" m?>s™".

1, =0.496+/nt + B,,, \,nFAC™1/ % 2)

where [ " is the peak current of melatonin oxidation, 7 is the
total number of electron transfer, v is the potential scan rate
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Fig.1 a CV of 200 uM melatonin in phosphate buffer pH 7.0 at a
bare GCE at a scan rate of 10 mV s™'. The inlay shows the plot of
In|Z| vs. E in Tafel analysis. b CV of 200 uM melatonin at various

v s_l), F is the Faraday’s constant (96,485 C mol_l), A is
the electrode surface area (m?), R is the molar gas constant
(8.314J K ' mol™), T'is the absolute temperature (K), and
D is the diffusion coefficient of the redox active species (m>
s~ [35].

The oxidation of melatonin at a bare GCE was next stud-
ied under different pH conditions (Fig. 1d). The anodic
peaks shifted to lower potentials as the pH increased, indi-
cating of a deprotonation process. The plot of peak poten-
tials (E}) against pH had the slope of 39.7+£3.7 mV pH™!,
close to the theoretical value of a process which the number
of electrons transferred is double that of protons [36, 37].

According to Eq. 3 and the plot of peak potentials (E,)
against the logarithm of scan rates in the inlay of Fig. 1b,
the value of fn was further revealed to be 1.49 +0.08. As
the value of f was determined to be 0.74+0.01, n was
therefore ~ 2, indicating that the oxidation melatonin is
a 2e” 1H" process, consistent with previous literature
reports [36, 37].
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where E,, is the peak potential of melatonin oxidation, n is
the total number of electron transfer, v is the potential scan
rate (V s™1), Fis the Faraday’s constant (96,485 C mol™!), A
is the electrode surface area (m?), R is the molar gas constant
(8.314 J K ' mol™"), T'is the absolute temperature (K), and
k0 is the standard electrochemical rate constant, and E? is the
standard electrode potential.

RTKO
pnF

2.303RT
pnF

Preparation and characterization of MIP/GCE

In this section, the molecularly imprinted polymer (MIP)
and non-imprinted polymer (NIP) were synthesized by
electropolymerization and characterized for their electroac-
tivities, thickness, surface morphology, surface functional
groups, and charge transfer properties.
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Electropolymerization of MIP

The melatonin-templated methylene blue molecularly
imprinted methylene blue polymer (MIP) was formed by
successive voltammetry of a stationary GCE in 1.0 mM
methylene blue in 0.10 M PBS pH 7.0 buffer in the pres-
ence of 0.10 mM melatonin template in the potential range
between —0.5 V and 1.4 V at the scan rate of 50 mV s~
Figure 2a showed that the redox peak currents of meth-
ylene blue decreased in successive cycles and gradually
reached a constant value after 15 scans, showing continu-
ous formation of the polymer on the electrode surface.
The disappearance of the voltammetric responses of the
standard redox probe, [Fe(CN)6]4_, at the as-fabricated
MIP/GCE in Fig. 2b further evidenced that the electrode
surface was covered by the generated polymer.

In the next step, the template was removed from the
polymer to create cavities for interacting with the target
analyte by eluting the as-fabricated MIP/GCE in 4:1 (V/V)
ethanol:acetic acid mixture for 8 min at room temperature
under constant stirring at 300 rpm. This step generated a
MIP/GCE electrode which was ready for the analysis of
melatonin. The successful removal of the template was
confirmed by an increase in the response of [Fe(CN)]*",
indicating that the species could now access the electrode
through the cavities in the MIP (Fig. 2b).

The MIP/GCE was then immersed in the solution of
0.10 mM melatonin for 1 min to rebind the electrode with
melatonin. Subsequently, the voltammetry of [Fe(CN)6]4*
was performed using the electrode. The resulting voltam-
mogram showed a decrease in peak current, indicating that
rebinding of melatonin hindered the access of [Fe(CN)6]4_
through the MIP layer (Fig. 2b).

a)

40

< 20+
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E vs. Ag/AgCI (V)

Fig.2 a CV during the electrochemical polymerization of MIP/GCE
in 1.0 mM methylene blue, 0.10 mM melatonin, and 0.10 M PBS
pH 7.0 at the scan rate of 50 mV s~! for 15 cycles. b CV in 1.0 mM

Thickness of MIP

One of the important factors which determines the analyti-
cal performance of the MIP/GCE sensor is the thickness of
the polymeric film. The film thickness can be estimated by
Eq.4-6tobe 0.11 um, 0.19 um and 0.25 um after 5, 10 and
15 voltammetric scans in Fig. 2a, respectively [38—40].

d=TV 4

where V is the molecular volume of methylene blue in the
polymer (V = 400 cm® mol ™) [41]. T is the surface coverage
(mol cm™2), which can be calculated by:

0

= A 5)

where n is the number of electrons transferred per molecule
of methylene blue (n=2), F is the Faraday's constant (96,485
C mol™1), and A is the surface area of the electrode (cm?).

Q is the total charge transferred in the electropolymeriza-
tion process (C):

Q=/Idt=%/ldE 6)

where [ is the electrical currents during the oxidation of
methylene blue in the potential range between —0.2 V and
0.5 V, ¢ is the experimental time, E is the applied potential,
and v is the potential scan rate (V s™1).

Surface morphology
The successful electrodeposition of the methylene blue

molecularly imprinted polymer (MIP/GCE) and its sur-
face morphologies were analyzed using SEM imaging and

b) 1, |
64
< ol
61 — Bare GCE
— MIP/GCE before elution
— MIP/GCE after elution
12 MIP/GCE rebinded

T 1

04 0.0 0.4 0.8 12
E vs. Ag/AgCI (V)

[Fe(CN)6]47 of (black) bare GCE, (red) MIP/GCE before elution,
(blue) MIP/GCE after elution (template removal), (orange) MIP/GCE
after rebinding in 0.10 mM melatonin
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Fig.3 SEM images of (a) bare GCE, (b) NIP/GCE and (¢) MIP/GCE, (d) FTIR spectra of NIP/GCE and MIP/GCE, (e) EIS spectra of bare

GCE, NIP/GCE and MIP/GCE

compared to bare GC and NIP/GCE (Fig. 3a-c). Overall, the
MIP and NIP exhibited similar interconnected shapes, but
the NIP appeared to be denser. The number and size of cavi-
ties in MIP/GCE was found to be higher than those in NIP/
GCE. MIP/GCE also showed spherical particles of approxi-
mately 55+ 13 nm in diameter on the interconnected surface.

Surface functional groups

Fourier-transform infrared spectroscopy (FTIR) was used
to analyze the surface functional groups of the formed poly-
mers (Fig. 3d). Both MIP/GCE and NIP/GCE showed the
peaks at 888 cm™! of C-N stretching, 1321 cm™! of C=S$
stretching and C-H aromatic bending, and 1633 cm™! of
C =C aromatic stretching (IRCalc) [42]. A broad peak at
3500 — 3800 cm™! was additionally observed at MIP/GCE
due to the N-H stretching in melatonin, which was used as
the template.

Charge transfer properties

Next, the electron transfer at the electrode/solution inter-
face was studied by electrochemical impedance spectroscopy
(EIS) in a solution containing 5.0 mM [Fe(CN)6]3_/4_ in
0.10 M KCl over the frequency range of 1 — 10° Hz at the
amplitude of 5 mV. Figure 3e illustrates the Nyquist plots
of bare GCE, NIP/GCE, and MIP/GCE. Randle's equivalent

@ Springer

circuit (Fig. 3e, inlay) was used to analyze the EIS spectra,
where R is the electron transfer resistance, Cy, is the dou-
ble layer capacitance, R, is the resistance of the electrolyte
solution, and Zy, is the Warburg resistance arising from the
diffusion process. The double layer capacitances (Cy)) were
0.55 uF, 3.11 pF, and 2.94 pF for bare GCE, NIP/GCE, and
MIP/GCE, respectively. The values of R, were determined
to be 0.32 kQ, 2.78 kQ, and 0.95 kQ for bare GCE, NIP/
GCE, and MIP/GCE, respectively. The lower charge transfer
resistance at MIP/GCE as compared to NIP/GCE could be
attributed to the presence of the imprinted sites which facili-
tate the electron transfer at the electrode/solution interface.

The bare GCE, NIP/GCE, and MIP/GCE electrodes were
further characterized for their electroactive surface area by
cyclic voltammetry of the [Fe(CN)6]4_ redox system at vari-
ous scan rates. The results can be found in in the supporting
information.

Cyclic voltammetry of melatonin at MIP/GCE

The MIP/GCE electrodes were next employed in the detec-
tion of melatonin. Figure 4 compared the voltammetric
responses of 0.10 mM melatonin in 0.10 M PBS pH 7.0 at
MIP/GCE with NIP/GCE and bare GCE. At NIP/GCE and
MIP/GCE, the oxidation peak currents of melatonin were
enhanced by 2.1-fold and 2.7-fold, respectively, due to the
increase in the electroactive surface area. Peak splitting was
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Fig.4 CV of MIP/GCE vs. NIP/GCE vs. bare GCE in 100 pM mela-
tonin in 0.10 M PBS pH 7.0 at the scan rate of 10 mV s.™!

observed at NIP/GCE and MIP/GCE presumably due to
the interplay of electrode kinetics and solution-phase mass
transport of the electroactive species i.e. thin-layer diffusion
inside the pores vs. planar diffusion from bulk solution to
the electrode surface, usually observed for electrochemical
reactions at porous electrode materials [43, 44].

Optimization of MIP formation conditions
In this section, the parameters which affected the formation

and analytical performance of the MIP/GCE sensor were
investigated.

Ip (WA)

[methylene blue] (mM)

B T T T T T T
G%?E 0.05 0.10 0.25 0.50 1.00 4.00 5.00

Effects of functional monomer concentrations

The concentration of the functional monomer (methylene
blue) influences the amount and morphology of the result-
ing MIP, and hence the sensitivity of the measurement. Fig-
ure Sa showed that the responses of melatonin at the MIP/
GCE increased with increasing amount of methylene blue,
likely due to an increase in the electroactive surface area of
the form polymer. When the melatonin template was fixed
at 0.10 mM, the concentration of methylene blue which gave
the highest current in melatonin detection was 1.0 mM. At
higher methylene blue concentrations, the current responses
of melatonin decreased, possibly due to slow diffusion of the
analyte within the thick polymeric layer [45].

Effects of template to functional monomer ratios

The ratio of functional monomer (methylene blue) to the
template (melatonin) plays an important role in deter-
mining the size, shape, and selectivity of binding sites
in MIPs. If the ratio of template to functional monomer
is too low, the MIPs produced may have limited binding
capacity and suboptimal selectivity. On the other hand,
if the ratio is excessively high, the resulting MIPs may
have binding sites that are overly specific and too small,
leading to limitations in binding capacity and selectiv-
ity for the target molecule. Figure 5b showed that the
most effective template to functional monomer ratios for
detecting melatonin were 1:5 and 1:10. Consequently, we
decided to utilize the 1:10 ratio in this study to reduce
the amount of template needed.

Ip (WA)

BGE’CEE 1:2 1:5 1:10 1:20 1:50
[melatonin] : [methylene blue]

Fig.5 Peak currents of 100 uM melatonin oxidation at MIP/GCE prepared using (a) different concentrations of the methylene blue (functional
monomer), (b) different ratios of melatonin (template):methylene blue (functional monomer)
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Effects of pH during the formation of MIP

The pH of the polymerization environment can affect the
chemical interactions between the template (melatonin) and
functional monomer (methylene blue), ultimately affecting
the quality and selectivity of the resulting MIP. Figure 6
showed that the electropolymerization at higher pH yielded
higher current responses in melatonin detection. The current
responses at pH 7.0 — 10.0 were not significantly different
within the experimental errors of +5%. The solution pH of
7.0 was thus chosen for melatonin analysis.

From all the results in Section “Optimization of MIP
formation conditions”, we can thus concluded that the opti-
mal conditions for the formation of MIP/GCE were 100 uM
melatonin and 1.0 mM methylene blue at pH 7.0.

Effects of pH during the analysis of melatonin
at MIP/GCE

Figure 7 illustrates the voltammograms of 100 uM melatonin
at a MIP/GCE at various pH levels. The oxidation peaks of
melatonin shifted to lower overpotentials as the pH of the
solution increased by 41.8+1.9 mV pH™!. This shift sug-
gests a 2e” 1H* oxidation of melatonin, which is similar to
the observations made at a bare GCE in Sect. 3.1.

Calibration plot: CV

The voltammograms of various concentrations of melatonin
at MIP/GCE are demonstrated in Fig. 8. At MIP/GCE, the
oxidation peak currents increased linearly with melatonin
concentrations in the range of 23.3 — 200 uM with the sen-
sitivity of 40.8 +1.5 uA uM ™! and the limit of detection
(3Sg/m) of 0.24 uM (Fig. 7, inlay), significantly better than
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scan rate of 50 mV s™!. The inlay shows a plot of anodic peak poten-
tials against pH of the solution

a bare GCE (sensitivity of 13.6+0.2 yA uM ™! and LOD
(3Sg/m) of 13.6 uM) and NIP/GCE (sensitivity of 31.8 +1.9
uA uM~! and LOD (3Sg/m) of 0.30 uM).

Differential pulse voltammetry

The analytical performance of the MIP/GCE was further
improved via the use of differential pulse voltammetry
(DPV) to eliminate the capacitive background charging
currents. The effects of the pulse amplitude (E,;,.) towards
the analysis of melatonin were investigated in Fig. 9a. As
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Fig.8 CV of varied melatonin concentrations in PBS buffer pH 7.0 at
a MIP/GCE at a scan rate of 50 mV s™'. The inlay shows the plots of
anodic peak currents at MIP/GCE, NIP/GCE and bare GCE against
the concentrations of melatonin
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ulse step pulse
inlay shows the plots of anodic peak currents at the potential of

0.60 V vs. Ag/AgCl [saturated KCI] at MIP/GCE, NIP/GCE and bare
GCE against the concentrations of melatonin

E 15 increased, the peak currents of melatonin oxidation
increased and then reached a maximum at 175 mV. This
value of E, ;.. was thus chosen for the analysis of melatonin.

The effects of pH on the DPV responses of melatonin
at MIP/GCE are demonstrated in Fig. 9b. The peak poten-
tials (E,) shifted to lower values as the pH of the solution
increased by 41.0+2.4 mV pH™!, consistent with a 2~ 1H*
oxidation of melatonin previously investigated by cyclic vol-
tammetry at bare GCE and MIP/GCE.

Figure 10 demonstrated the DPVs of various concentra-
tions of melatonin. The peak currents at the potential of
0.60 V vs. Ag/AgCl [saturated KCl] increased with mela-
tonin concentrations in the linear range of 0.20 — 200 uM

with the sensitivity of 138.8 +4.7 uA uM ! and the limit
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304
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tude. b DPV of 100 uM melatonin at various pH (E,

pulse =175 mV, 0=
10 mV 57!, Egep=10 mV, 1, =0.05 s). The inlay shows the plot of

anodic peak currents vs. pH

of detection (3Sz/m) of 0.061 uM, showing significant
improvement from bare GCE (sensitivity of 45.3+1.2
uA uM~! and LOD (3Sg/m) of 3.7 uM) and NIP/GCE
(sensitivity of 98.0 +4.5 uA uM ™! and LOD (3Sg/m) of
0.087 uM). The comparison of the analytical performance
of our newly developed sensor with other non-enzymatic
electrochemical sensors for melatonin detection is pro-
vided in Table 1.

Repeatability, reproducibility and stability

The reproducibility was tested for both intra-electrode
(within electrodes) and inter-electrode (between electrodes)
measurements. The DPV measurements at three different
MIP/GCEs yielded the relative standard deviations (RSD)
of 0.6%, 0.5% and 0.8% (n=3), for 0.005 mM, 0.025 mM,
and 0.20 mM melatonin, respectively, demonstrating excel-
lent reproducibility between electrodes. The RSD values of
three DPV measurements at a single MIP/GCE were found
to be 1.2%, 0.3% and 2.9% (n=3) for 0.005 mM, 0.025 mM,
and 0.20 mM melatonin, respectively, indicating excellent
repeatability within the electrode. The sensitivity of mela-
tonin measurement at a single MIP/GCE was determined to
be 131.4+5.3 uA uM ™!, which was not significantly differ-
ent from the sensitivity obtained using the freshly prepared
MIP/GCEs (n=3) of 138.8 +4.7 uA uM .. This finding con-
firms the excellent repeatability of the electrode. However,
when the MIP/GCE was stored under atmospheric condi-
tions at room temperature, its response dropped to 82% of
the initial response after 1 day. Subsequently, the response
remained at 81.0+ 1.4% of the initial response for at least
7 days. These results suggest that the MIP/GCE should
either be prepared fresh for optimal performance or be used
at approximately 80% efficiency for one week.
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Table 1 Comparison of non-

. . Electrode Technique Linear range (pM) Detection limit Ref

enzymatic electrochemical

sensors for melatonin detection WM
4-AMP/PEDOT/GCE LSV 0-100 0.171 [46]
Acetylene black/Chitosan/Au SwWv 20 - 450 1.9 [47]
Fe;0, NP/rGO/CPE SWV 0.02-5.80 0.0084 [48]
GR/AHNSA/MM/GCE SWV 0.05 — 100 0.0060 [49]
NAD/GI EDTA-WO,;/GCE SWV 0.010 — 1000 0.0026 [50]
Zn0 nanorods/CPE SWV 0.3-100 750 [51]
AuNP-MoS, nanoflake/GCE DPV 0.033-10.0 0.0157 [52]
FeCo@CNFs/GCE DPV 0.08-400 0.0027 [53]
CNT/SPE DPV 5-3000 1.1 [54]
CuO-poly(I-lysine)/GR DPV 0.016 p—1110 0.016 [55]
PdNP carbon aerogel DPV 0.02 - 500 0.0071 [56]
Sn0,-Co;0,@rGO/CPE DPV 0.02 - 6.00 0.0041 [57]
Zinc ferrite NP/CPE DPV 6.5 - 145 3 [58]
MB-MIP/GCE DPV 0.20 - 200 0.061 This work

Abbreviations: AHNSA 4-amino-3-hydroxy-1-naphthalenesulfonic acid, 4-AMP 4-aminothiophenol, CNF's
carbon nanofibers, CNT carbon nanotube, CPE carbon paste electrode, DPV differential pulse voltamme-
try, GCE glassy carbon electrode, GR graphene, LSV linear sweep voltammetry, MB methylene blue, MIP
molecularly imprinted polymer, MM melamine, NAD/GI EDTA-WO; nicotinamide adenine dinucleotide
immobilized gamma ray irradiated ethylene diamine tetraacetic acid-tungsten trioxide, NP nanoparticle,
PEDOT poly(3,4-ethylenedioxythiophene), rGO reduced graphene oxide, SPE screen printed electrode
(carbon), SWV square wave voltammetry

Interference studies

The selectivity of the MIP/GCE sensor for melatonin detection
was evaluated in Fig. 11 by testing it against potential interfer-
ences such as serotonin, tryptophan, lactate, cytosine, cytidine,
urea, ascorbic acid, creatine, and creatinine, all of which can
coexist with melatonin in urine and saliva samples [59—-62]. The
results demonstrated that the MIP/GCE sensor exhibited good
selectivity against serotonin and tryptophan, with the responses
of melatonin unaffected by the concentrations of these species

a) 807 — control
Serotonin
—— Tryptophan
Lactate
60 —— Cytosine
—— Cytidine
b Urea
2 40 —Ascorbic acid
- Creatine
—— Creatinine N\
204
0-

04 00 04 08
E vs. Ag/AgCI (V)

Fig. 11 a DPVs (E,;=175 mV, v = 10 mV s, Egep=10 mV,
touse=0.05 s) and b the effects on the peak currents of 100 pM

melatonin oxidation in the presence of 200 uM serotonin, 50.0 uM
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up to twofold and 0.5-fold of melatonin, respectively. The
developed MIP/GCE sensor also demonstrated particularly
high selectivity against lactate, cytosine, cytidine, urea, ascor-
bic acid, creatine, and creatinine, and that the concentration of
these species up to 100-fold of melatonin had no effect on the
melatonin responses (within +5% of experimental error). The
MIP/GCE's selectivity for melatonin can be attributed to the
strong interaction between melatonin and the methylene blue
polymer, along with the appropriate host—guest molecular size
and interaction.

1001
80
60
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20

tryptophan, 10.0 mM lactate, 10.0 mM cytosine, 10.0 mM cyti-
dine, 10.0 mM urea, 10.0 mM ascorbic acid, 10.0 mM creatine and
10.0 mM creatinine
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While the responses of melatonin were not affected by
the tested interferences, it is important to note that matrix
interferences, including factors such as sample viscosity, can
impact the electrochemical responses. Therefore, it is advis-
able to employ internal calibration such as standard addition
method to enhance the accuracy of melatonin measurements.

Application in urine and saliva samples

The developed MIP/GCE sensor was validated in urine and
saliva samples following the method described in Sect. 2.4.
The samples were spiked with 30 pM melatonin, diluted
25-fold in PBS buffer pH 7.0, and subjected to DPV meas-
urements (E,,,=175mV, v = 10 mV s™', E; ;=10 mV,
fpuse = 0.05 8). The percentage recoveries obtained were
103 +1% and 102 + 1% for urine and saliva samples, respec-
tively, demonstrating that the sensor can be applied for the
analysis of melatonin in these media.

One of the main challenges associated with our approach
is the difficulty in controlling the formation of the molecu-
larly imprinted polymer (MIP). The lack of precise con-
trol over MIP formation can result in heterogeneity in the
imprinting sites, leading to reduced sensitivity in the meas-
urements. Moreover, it is crucial to ensure the complete elu-
tion of any residual melatonin before reusing the MIP elec-
trode. Additionally, there is a risk of deformation or damage
to the MIP binding sites with repeated use or during long
storage periods. Furthermore, several aspects of the imprint-
ing events remain not fully understood, necessitating further
enhancements in computational simulation and MIP design.
As a result, the development of MIP-based sensors typically
entails conducting numerous optimization experiments.

Despite these challenges, our MIP sensor offers several
advantages. It features simple operation, utilizes an inexpen-
sive and portable instrument, provides fast analysis times,
and offers cost-effective solutions. The sensor exhibits excel-
lent reusability and biomimetic properties. The electrode
modification using low-cost methylene blue material through
a simple electropolymerization method is also straightfor-
ward. These favorable attributes collectively make our sen-
sor a promising and reliable technique for detecting mela-
tonin in biological fluids.

Conclusions

A fast and highly sensitive electrochemical sensor was devel-
oped for melatonin detection using a molecularly imprinted
polymer (MIP/GCE) with methylene blue as the functional
monomer and melatonin as the template. The MIP synthe-
sis involved a simple and low-cost electropolymerization
process without the need for initiating reagents. The sen-
sor demonstrated good sensitivity and selectivity due to the

large surface area, abundant imprinted sites, and specific
host—guest interaction of the MIP. Despite some limitations,
such as difficulties in controlling the MIP formation, the
need for electrode cleaning before reuse and relatively short
shelf-life, the sensor offers advantages including simplic-
ity, affordability, portability, fast analysis time, reusability,
and compatibility with biological fluids. Overall, this sensor
shows promise for reliable melatonin detection in biomedi-
cal applications.
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tary material available at https://doi.org/10.1007/s00604-023-05930-9.
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