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Abstract: Tryptophan and melatonin are pleiotropic molecules, each capable of influencing 
several cellular, biochemical, and physiological responses. Therefore, sensitive detection of 
tryptophan and melatonin in pharmaceutical and human samples is crucial for human well- 
being. Mass spectrometry, high-performance liquid chromatography, and capillary electro
phoresis are common methods for both tryptophan and melatonin analysis; however, these 
methods require copious amounts of time, money, and manpower. Novel electrochemical and 
optical detection tools have been subjects of intensive research due to their ability to offer a 
better signal-to-noise ratio, high specificity, ultra-sensitivity, and wide dynamic range. 
Recently, researchers have designed sensitive and selective electrochemical and optical 
platforms by using new surface modifications, microfabrication techniques, and the decora
tion of diverse nanomaterials with unique properties for the detection of tryptophan and 
melatonin. However, there is a scarcity of review articles addressing the recent developments 
in the electrochemical and optical detection of tryptophan and melatonin. Here, we provide a 
critical and objective review of high-sensitivity tryptophan and melatonin sensors that have 
been developed over the past six years (2015 onwards). We review the principles, perfor
mance, and limitations of these sensors. We also address critical aspects of sensitivity and 
selectivity, limit and range of detection, fabrication process and time, durability, and bio
compatibility. Finally, we discuss challenges related to tryptophan and melatonin detection 
and present future outlooks. 
Keywords: tryptophan, melatonin, electrochemical, sensors, voltammetry, optical

Introduction
Tryptophan and melatonin have been the subjects of scientific investigations for 
decades because of their pleiotropic activity, each capable of influencing several 
cellular, biochemical, and physiological responses.1,2 Tryptophan is considered an 
over-the-counter medication in numerous countries, crosses the blood–brain barrier 
efficiently, and acts as a nutritional supplement, sleep aid, appetite suppressant, and 
antidepressant.3 Tryptophan performs vital functions in the management of numerous 
medical conditions, like depression, obesity, cerebellar ataxia, persistent headaches, 
fibromyalgia, and insomnia.4–6 Owing to the diet dependency, biological impact, and 
therapeutic use, it is vital to accurately detect the level of tryptophan in food, pharma
ceuticals, and human samples. Despite the essential nature, measurement of tryptophan 
has often been omitted in several studies, as the tryptophan analysis has generally been 
tedious. A key challenge of tryptophan detection is that the acidic condition used to 
hydrolyze protein for normal amino acid analysis causes substantial or even complete 
oxidative degradation of tryptophan.7 Alkaline hydrolysis is usually implemented to 
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partially solve the problem of acid hydrolysis but it causes 
the formation of a high concentration of molecular oxygen 
that can interfere in the detection of tryptophan. Removing 
oxygen from the samples can be very time-consuming and, 
depending on the nature of the sample, very difficult.8

Tryptophan is an essential precursor of melatonin (5- 
methoxy-N-acetyltryptamine) synthesis. The melatonin 
pathway is conserved and observed as tryptophan→5- 
hydroxytryptophan→5-hydroxytryptamine→N- 
acetylserotonin→melatonin.9–11 Melatonin is the time- 
keeping molecule of vertebrates; it is synthesized in a cir
cadian manner, enabling physiological, metabolic, and 
behavioral synchronization with the environmental light- 
dark cycle, light intensity, and temperature.12–14 As well as 
being a circadian regulator, melatonin is a potent antioxi
dant, immunoenhancer, and anti-inflammatory agent, osteo
protective, and is hence being considered as a therapeutic 
adjuvant for COVID-19 management and treatment.15–17 

The daily levels of melatonin in human plasma range from 
a few pM during the day to 215–430 pM at night.18,19 

Determining melatonin levels has also become a means for 
diagnosing certain psychiatric disorders, and to recommend 
phase typing in patients suffering from sleep and mood 
disorders.20–22 Due to melatonin’s low concentration in 
biological fluids, as well as the coexistence of numerous 
other compounds in the blood, the routine determination of 
melatonin has been an analytical challenge.23,24 Moreover, 
the large variations in melatonin levels through nature and 
products, as well as the varying complexities of the matrices 
in which melatonin is found, compel researchers to develop 
novel tools to extract melatonin before detection. 
Nonetheless, the selection of the extraction solvents is diffi
cult due to the amphipathic and chemically reactive nature 
and of melatonin.23 Melatonin is also a commercial drug, 
which is available in the form of several types of pharma
ceutical products such as modified-release tablets, pro
longed-release tablets, regular tablets and capsules, and 
liquid medicine. The level of melatonin in pharmaceutical 
products ranges from 0.1  to 10 mg per serving,25,26 and 
sensors offering micro and nanomolar sensitivity are used 
to measure melatonin in pharmaceutical products.

Over the last three decades, there has been a considerable 
increase in the need to measure tryptophan and melatonin 
levels in biological and pharmaceutical samples. Several 
novel and modified assays have been developed to investi
gate the physiological and psychological roles of tryptophan 
and melatonin, including high-performance liquid chromato
graphy (HPLC),27–29 mass spectrometry,30,31 capillary 

electrophoresis,32,33 and gas chromatography.34,35 Although 
these methods have the benefits of sensitivity and accuracy, 
tryptophan and melatonin measurement tools are bulky, 
expensive, time-consuming, lacks portability, require labora
tory maintenance, and skilled personnel. For reasons of cost 
and simplicity, radioimmunoassay (RIA) and enzyme-linked 
immunosorbent assay (ELISA) are most commonly used for 
melatonin detection.36 However, immunoassays are prone to 
show cross-reactivity with structurally similar compounds, 
which is a big challenge if the melatonin has not been 
extracted properly; full melatonin extraction is a complicated 
and time-consuming process. Electrochemical and optical 
detection of tryptophan and melatonin are inexpensive, 
offer sensitivity and portability, and are easy to operate, 
thereby, attracts researchers.

In recent years, there has been a steady rise in the 
development of numerous advanced functional nanomater
ials-based sensors used in detecting tryptophan and mela
tonin. One such advanced functional material-developing 
tool is molecular imprinting technology (MIT) or molecu
lar template technology, which is created for the purpose 
of synthesizing three-dimensional crosslinked polymers 
with specific molecular recognition ability.37 MIT-based- 
sensors offer the advantage of being relatively stable in 
storage, overcoming the key limitation of biological recog
nition elements such as enzymes or antibodies.38,39 

However, the fabrication of MIT based-sensors is complex 
and needs expert handling. Moreover, MIT-sensors can 
recognize but cannot transmit signals out; therefore, they 
must be coupled with other methods such as an electro
chemical or optical setup, which also have their own 
limitations. Another important advanced nanomaterial- 
based sensor is fluorescent “turn on-off” sensors. The 
fluorescent “turn on-off” showed promising capabilities 
for the detection of biomolecules due to their simplicity, 
fast response and high detection limits. Firstly, the redox 
potential of the analyte is exploited to change the oxidative 
state of functional groups on fluorophores, causing a 
switching “on” of the fluorescence of the dye. 
Subsequently, the “on” fluorophores were modified in a 
way where another redox agent binds to it, resulting in it 
switching “off”.40 Although “turn on-off” sensors offer 
sensitivity and control, most of the conventional fluoro
phores with π-conjugation suffer from aggregation- 
induced quenching in biological samples resulting in a 
low fluorescence quantum yield, which limits their high- 
technological application.41
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In this review, we discuss the advantages and limita
tions of various electrochemical and optical tools for tryp
tophan and melatonin detection. The emphasis will be on 
human assays, although the application of assays for plants 
and pharmaceutical samples will be discussed where 
appropriate. The publications were collected from 
PubMed, Google Scholar, and Embase, and do not repre
sent a systematic search. An overview of several emerging 
sensors (published in or after 2015) including electroche
mical and optical sensors, and their related caveats was 
discussed (Tables 1 and 2). Finally, the challenges related 
to tryptophan and melatonin detection and their outlook in 
the future were presented.

Electrochemical Detection of 
Tryptophan and Melatonin
Electrochemical methods are promising as they are simple, 
easy to use, fast, require low-cost equipment, and offer 
comparatively good sensitivity and limit of detection 
(LOD). Moreover, electrochemical tools can be used to 
develop portable devices for in vivo and real-time sensing. 
Electrochemical detection consists of at least two electro
des (one working and one counter or auxiliary electrode) 
that are in contact with each other in two ways: an elec
trically conductive medium (electrolyte, ie liquid as an ion 
conductor) and an external electric circuit (electron con
ductor). The electrodes are made of special conducting 
material and have a catalytic effect so that in the presence 
of an analyte, certain chemical reactions can take place.42 

Analytes are applied on the working electrode and the 
interaction of the analyte and electrode at a specific current 
or voltage causes an electrochemical reaction. This reac
tion is either an oxidation or a reduction reaction, depend
ing on the type of analyte. Oxidation causes the flow of 
electrons from the working to the counter electrode 
through the external circuit. Reduction reaction transfer 
the flow of electrons from the counter to the working 
electrode. Either direction of the electron flow creates an 
electrical current proportional to the concentration of the 
analyte. Electrochemical detection can be performed by 
numerous electrodes and analytes in several ways depend
ing on the different modes of applying electric potential, as 
well as current response models (Figure 1).

Voltammetry is an electroanalytical method in which cur
rent is measured as a function of applied potential to analyze 
chemicals and biomolecules qualitatively and quantitatively. 
Voltammetry reveals the reduction potential and 

electrochemical reactivity of an analyte, thereby facilitating 
analyte detection. Examples of common types of voltammetry 
include cyclic voltammetry (CV), linear sweep voltammetry 
(LSV), staircase voltammetry, square wave voltammetry 
(SWV), osteryoung square-wave stripping voltammetry 
(OSWSV), and differential pulse voltammetry (DPV). 
Voltammetry systems commonly comprise three electrodes: 
a reference electrode, a working electrode, and a counter 
electrode. In this system, an electrode may be modified with 
active materials or nanoparticles that can convert the ions of 
specific chemicals into measurable electrons at a particular 
voltage. The specific voltage is obtained by applying a poten
tial to the electrode and sweeping the potential back and forth 
over a given voltage range for a defined number of cycles. The 
peak potential, at which the peak current is obtained, enables 
the user to analyze the electrochemical reversibility of the 
reaction at the electrode surface by varying the scan rates.43,44 

In the case of CV, the peak potentials vary linearly with time. 
On the other hand, the peak potentials of SWV and DPV 
represent constant increase in either square oscillations or 
rectangular pulses, respectively.45 Additionally, the three-elec
trode system may also be applied to characterize the redox 
properties, stability, and effective surface area of the modified 
electrode.43,44 To make a comprehensive and objective evalua
tion of the analyte, it is necessary to select the most suitable 
electrochemical detection method, according to the features of 
the analyte including charge, electrocatalytic potential, redox 
potential, matrix, and size. For instance, through contrastive 
experiments, Gholivand et al46 compared the effects of CV, 
LSV, and DPV in detecting bovine serum albumin (BSA). In 
the process, they have discovered that the DPV is the most 
suitable method for BSA detection, and applied the experi
mental results to clinical treatment. It is important to note that 
selection of the voltammetry technique is also dependent on 
the redox properties, shape, and size of the electrode too. 
Therefore, for the same analyte, a different voltammetry tool 
might be suitable depending on the type of electrode used. 
Also, the voltammetric tool can be selected depending upon 
the rate of reaction between electrode and analyte. For exam
ple, DPV is usually applied in irreversible systems and in 
systems that present slow-reaction kinetics. On the other 
hand, SWV is usually applied in reversible systems and 
rapid reaction kinetics systems.

CV-Based Detection of Tryptophan
CV is a versatile technique with applications for both direct 
and indirect analysis in many research areas involving elec
tron transfer processes.47 Recently, Zhang et al48 developed 
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Table 1 Recently Developed (After 2015) Electrochemical and Optical Sensors for Tryptophan

Sensing 
Modality

Electrodes/Remarks Standard 
Range

LOD Sample/Matrix; Analyte (s) (in 
Addition to Tryptophan)

References

CV Carbon/nafion/GCE 0.5–70.0 

μM

35.0 

nM

PST solution and tryptophan 

spiked in mixture of amino acids

[48]

DPV Screen-printed electrodes modified with carbon 

nanotubes

0.005–3 

mM

4.9 

nM

PST solution [58]

Carbon paste electrode modified with SnO2- 

Co3O4@rGO nanocomposite

0.02–6.00 

μM

3.2 

nM

PST and tryptophan spiked human 

serum

[62]

Palladium−copper-copper oxide 0.02–25 
nM

1.9 nM PST and tryptophan spiked human 
serum

[71]

Tin oxide nanoparticles 1–100 μM 0.04 
μM

PST and tryptophan spiked human 
serum

[72]

Reduced graphene oxide-carboxymethyl cellulose- 

polyaniline

0.01–5 mM 0.07 

μM

L- and D-tryptophan solution [78]

SWV 2-chlorobenzoylferrocene/ Ag-ZnO nanoplates- 

CPE

0.05–20.0 

µM

0.02 

µM

PST solution [103]

Cu2O–rGO/GCE 0.02–20 

μM

0.01 

μM

PST and tryptophan spiked human 

serum

[111]

CuO nanoflakes anchored with polythiophene- 

GCE

0.1 μM–1 

mM

15 nM PST and tryptophan spiked human 

serum

[118]

Nickel oxide and Copper oxide and citrate 
modified GR on GCE

0.3–40 μM 0.1 
μM

PST and tryptophan spiked human 
serum; dopamine, and 

acetaminophen

[109]

Amperometry Dandelion pappus and drop-casted on GCE 1 μM–10 

mM

0.5 μM PST, tryptophan spiked amino acid 

solution and fetal calf serum

[133]

Flow-injection; Silver nanoparticle on Screen- 

printed electrodes

0.5 μM–5 

mM

N.A. PST solution [138]

Stochastic Nitrogen-doped graphene, 2.2-diphenyl-1- 
picrylhydrazyl, exfoliated graphene, protoporphyrin 

IX and nGR

1 fM–0.10 
mM

1 fM PST solution and tryptophan in 
whole blood

[148]

Optical Indole-hydroxylamine chemistry 100–600 

μM

100 

μM

PST, tryptophan with tyrosine and 

phenylalanine

[151]

Metal–organic framework-ZJU-108 N.A. 42.9 

nM

PST and tryptophan spiked human 

serum

[152]

Diazotization of naphthalene ethylenediamine 50 nM–1 

mM

20 nM PST and tryptophan spiked human 

serum

[154]

Phenylalanine derivative fluorescence sensor 0–200 mM N.A. PST solution; phenylalaninol [157]

Chiral carbazole sensor N.A. 0.31 

μM

PST solution; histidine [158]

Chitosan-capped silver nanoparticles 13–460 µM 2.1 
µM

PST and tryptophan spiked human 
serum

[159]

Notes: This table includes the mode of sensing, features of assay including electrodes, standard range, the limit of detection (LOD), and sample/matrix, analyte(s), and references. 
Abbreviations: CV, cyclic voltammetry; DPV, differential pulse voltammetry; CPE, carbon paste electrode; GCE, glassy carbon electrode; PST, pharmaceutical samples of 
tryptophan; SWV, square wave voltammetry. This is not an exhaustive list.
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an electrochemical sensor containing nitrogen-doped ordered 
mesoporous carbon/Nafion/glassy carbon electrode (GCE) 
for the highly sensitive and selective detection of tryptophan. 
Cyclic voltammogram exhibited a linear increase in the 
oxidation current with tryptophan concentration in the 
range of 0.5–70.0 μM, with a LOD of 35.0 nM. In order to 
check the selectivity, tryptophan was measured in a mixture 
of 18 amino acid, which showed excellent recoveries in the 
range of 99.30–103.60%. Although the sensor was highly 
sensitive and selective for tryptophan, fabrication was extre
mely time-consuming and can take up to 6 days. 
Furthermore, this paper lacked physical, chemical, or micro
structure characterization of the modified materials, thereby, 
making it difficult to understand the reason behind the high 
sensitivity and selectivity.

CV-Based Detection of Melatonin
Cyclic voltammetry measurements can also be performed 
using a graphene-coated screen-printed carbon electrode 

(G-SPE) to assess melatonin levels in pharmaceutical 
products.49 Graphene coating provided a large surface area 
(2630 m2/g for a single layer, theoretically), exceptional 
thermal conductivity (k = 5000 W/mK), and electrical con
ductivity (r = 64 mS/cm);50,51 this led to a high number of 
available electroactive sites, thus enhancing the sensitivity of 
the carbon electrode. For this graphene-based electrochemi
cal sensor, the linear detection range was 1–300 μM and the 
LOD was 870 nM. The main limitation of this study was that 
it did not address potential interference from indoles that are 
structurally and chemically similar to melatonin, such as 
tryptophan and serotonin. Hence, G-SPE cannot be recom
mended for the evaluation of melatonin in complex biologi
cal samples that usually contain higher levels of tryptophan 
and serotonin than melatonin.

The in vivo detection of melatonin is still a significant 
challenge. To address this, Hensley et al52 developed an elec
trochemical technique for melatonin detection in live lymph 
nodes; they achieved subsecond temporal resolution by using 

Figure 1 Electrochemical technique for detection of tryptophan and melatonin. Schematic representation of an electrochemical sensor, and the transduction of these 
interactions into measurable signals. The star ( ) represents the analyte (melatonin/tryptophan).The black line ( ) in the graph represents voltage, and the blue line 
( ) indicates current.
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fast-scan cyclic voltammetry (FSCV) with carbon-fiber micro
electrodes (CFMEs). Initially, the oxidation peaks detected for 
melatonin were at 1.0, 1.1, and 0.6 V. However, a tertiary peak 
due to electrode fouling was also observed. Bio-fouling is a 
major challenge for assays using electrochemical sensors, 
especially for in vivo assays. This is because the oxidation 
products of biological analytes can electropolymerize in solu
tion and absorb onto the electrode surface, leading to the 
detection of [wrong] peaks during electrochemical evalua
tions. Live tissues can further aggravate this issue by physi
cally attaching to the electrode. The biofouling interference 
issue was overcome by developing a customized waveform. 
The optimized waveform for melatonin consisted of scanning 
from 0.2 to 1.3 V and back at 600 V/s; this reduced the signal 
produced by the electrode fouling while maintaining the sen
sitivity level. The LOD obtained with this method using 
CFMEs and FSCV was 24 ± 10 nM for melatonin. 
Moreover, the CFME–FSCV method could successfully 
detect melatonin in the presence of biological interferences 
and could co-detect melatonin alongside its biosynthetic pre
cursor, serotonin. This method was then validated by success
fully measuring melatonin levels in intact lymph node tissue, 
making this the first report of FSCV usage for analyzing this 
tissue type. Despite this accomplishment, the durability of 
CFMEs constitutes an area of concern. Due to the fragile 

nature of CFMEs, these microelectrodes are prone to damage 
during in vivo analyses. Therefore, instead of using microelec
trodes made of carbon fiber, applying a carbon coating to 
metal electrodes could yield the desired durability while keep
ing the biocompatible and electrochemical properties of car
bon. Additionally, arrays of CFMEs/carbon-coated metal 
microelectrodes could be developed for the simultaneous 
measurement of multiple analytes, such as melatonin biosyn
thetic precursors (eg, tryptophan, serotonin, and 
N-acetylserotonin); this may provide useful insight into the 
regulation of melatonin synthesis in vivo.

The electrochemical detection of melatonin is mostly 
performed using solid, rigid electrodes, such as carbon 
paste electrodes (CPEs), boron-doped diamond electrodes, 
and GCEs.53–55 Very recently, a flexible graphene-based 
paper composed of boron oxide (B2O3) and graphene was 
developed using vacuum filtration, then used to detect mel
atonin and ascorbic acid (AA) simultaneously in spiked 
serum samples.56 To generate the paper, B2O3 nanostructures 
were manufactured using a hydrothermal method, then a 
boron-graphene oxide (B-GO) composite was synthesized 
by mixing B2O3 in a GO dispersion. B2O3-reduced graphene 
oxide (B-rGO) paper was procured via vacuum filtration of 
the B-GO dispersion, then chemical reduction of the filtrate 
with 57% (w/w) hydroiodic acid (HI) (Figure 2). Although 

Figure 2 Schematic representation of boron oxide-reduced graphene oxide (B-rGO) composite paper fabrication. 
Notes: Graphene oxide (GO) was dispersed and mixed with boron oxide (B2O3) solution then sonicated. The B2O3-GO composite (B-GO) was then vacuum filtrated then 
dried to form B-GO paper. The B-GO paper was next immersed in hydrochloric acid (HI) solution, then washed and air-dried to generate the B2O3-reduced GO (B-rGO) 
composite paper. Adapted from Diamond and Related Materials, Vol 105, Issue 2020, Topçu E, Dağcı Kıranşan K, Electrochemical simultaneous sensing of melatonin and 
ascorbic acid at a novel flexible B-RGO composite paper electrode, Page No. 107811, Copyright (2020), with permission from Elsevier.56
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the B-rGO paper electrode was flexible, durable, and could 
be molded into the desired shape, the laborious production of 
B-rGO composite paper, as well as the use of toxic, strongly 
corrosive, and environmentally unfriendly HI, presented 
major limitations to this work. Moreover, the LOD of this 
paper-based melatonin sensor was 700 nM, which limits its 
applicability.

DPV-Based Simultaneous Detection of 
Tryptophan and Melatonin
The primary advantage of the DPV is its enhanced capability 
to distinguish the faradaic (charging/capacitance) current, 
thereby minimizes background charging currents. As a result, 
sensors employing DPV are more sensitive to charging cur
rents (electron transfer to and from an electrode) as compared 
to conventional sampled DC voltammetry. DPV generates 
small peaks of faradaic currents superimposed upon a stair
case waveform, as opposed to sigmoidal waveforms; this 
results in improved resolution, low background, and better 
analyte quantitation in multiple analyte systems.57 Therefore, 
DPV is a promising tool for both individual and simultaneous 
molecule detection.

In 2015, a DPV-based sensor was developed for the 
simultaneous detection of melatonin and tryptophan by 
Tadayon et al.58 To simultaneously detect multiple analytes, 
each analyte in the suspension must be oxidized at a specific 
oxidation potential. Therefore, graphene was utilized as a 
base material due to its high electrical conductivity and 
surface area. In order to further improve the electrocatalytic 
activity for the simultaneous detection in the 

aforementioned studies, the surfaces of the electrodes 
were modified with a novel composite of graphene and 
copper. They constructed CPEs decorated with nitrogen- 
doped graphene nanosheets/copper cobaltite (CuCo2O4) 
nanoparticles, with which they achieved a LOD of 4.9 nM 
for melatonin and 4.1 nM for tryptophan. The sensitivity of 
the CuCo2O4 sensor for tryptophan was good enough to be 
used for the biological samples. However, to perform the 
simultaneous detection of melatonin and its biosynthetic 
precursors in biological samples, the sensitivity for melato
nin detection should be enhanced to be applied to biological 
samples. Moreover, graphene toxicity is a major concern for 
human and environmental health.59–61

A more sensitive tool was later developed by Zeinali 
et al62 who employed a novel DPV-based electrochemical 
sensor to co-detect tryptophan and melatonin in interfering 
environments, such as urine and human serum. Their sen
sor was an ionic liquid (IL) CPE, whose surface was 
modified with rGO and tin oxide-cobalt oxide (SnO2- 
Co3O4) nanoparticles (SnO2-Co3O4@rGO/IL/CPE) 
(Figure 3).62 Using the novel SnO2-Co3O4@rGO/IL/CPE 
sensors, Zeinali et al62 demonstrated that during DPV 
oxidation of the analytes, the melatonin underwent a 
two-electron/one-proton reaction, while tryptophan under
went a two-electron/two-proton reaction; this enabled the 
selective sensing of the two biomolecules (Figure 3C–E). 
The large electroactive surface area and good electrical 
conductivity of SnO2-Co3O4@rGO/IL/CPEs generated 
strong electrochemical responses during both melatonin 
measurements and melatonin/tryptophan co- 

Figure 3 Synthesis of SnO2-Co3O4@rGO for the detection of melatonin and tryptophan. 
Notes: (A) Step-by-step preparation of SnO2-Co3O4@rGO starting from graphene oxide (GO). (B) Electrochemical detection of melatonin (MEL) and tryptophan (Trp) in 
real samples. (C) Two-electron and one-proton oxidation of MEL. (D) and (E) two-electron and two-proton oxidation of tryptophan. Adapted from Materials Science and 
Engineering: C, Vol 71, Issue 2017, Zeinali H, Bagheri H, Monsef-Khoshhesab Z, Khoshsafar H, Hajian A, Nanomolar simultaneous determination of tryptophan and melatonin 
by a new ionic liquid carbon paste electrode modified with SnO2-Co3O4@rGO nanocomposite, Pages No. 386–394, Copyright (2017), with permission from Elsevier.62
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measurements. The detection range was 0.02–6.00 μM and 
the LODs were 4.1 and 3.2 nM for melatonin and trypto
phan, respectively; the measurements were taken using 
both human and pharmaceutical samples. Given that mel
atonin undergoes a two-electron/one-proton reaction, 
while tryptophan undergoes a two-electron/two-proton 
reaction, this method is unlikely to accommodate the 
detection of serotonin, which is structurally similar to 
both analytes and their intermediate product in the mela
tonin biosynthetic pathway,63–65 thus limiting the applic
ability of the SnO2-Co3O4@rGO/IL/CPE sensor. 
Furthermore, the synthesis of SnO2-Co3O4@rGO/IL/CPE 
is a time-consuming and complex multistep process, thus 
limiting its widespread use (Figure 3).62

DPV-Based Detection of Tryptophan
It is known that the electrochemical sensing of tryptophan 
shows sub-optimal performance due to inefficient electron 
transfer and high overpotential.66 Therefore, efforts have 
been made to develop new materials for the fabrication of 
modified electrodes to promote electron transfer and reduce 
overpotential. Carbon nanotubes (CNTs) exhibit attractive 
characteristics such as high electron transfer between the 
electroactive species and the electrode surface. In 2018, a 
modified electrode based on in situ addition of tetrabutylam
monium bromide on the β-cyclodextrin merged with multi- 
walled CNTs modified GCE (TBABr/β-CD/MWCNTs/ 
GCE) was fabricated to quantitatively analyze the level of 
tryptophan in the presence of uric acid (UA) and AA.67 The 
DPV measurement demonstrated a linear relationship to the 
tryptophan concentration of 1.5–30.5 μM and the LOD was 
0.07 μM, as well as excellent selectivity, good stability, and 
reproducibility. The sensitivity and selectivity of tryptophan 
detection by TBABr/b-CD/MWCNTs/GCE was due to good 
conductivity of MWCNTs, molecular recognition capability 
β-CD, hydrophobic interaction, and electrostatic attraction of 
TBABr with tryptophan. The ion of TBABr is Bu4N+ is 
large, has low conductivity and high activation enthalpy 
values of charge transport.68 Therefore, using another catio
nic surfactant such as sodium tetrafluoroborate,69 which has a 
higher ionic conductivity,68 can be used to improve the 
sensitivity of the electrode.

To fabricate a high-performance electrode for tryptophan, 
investigators utilized graphene (GR); as it outperforms 
CNTs.70 Li et al71 and Haldorai et al72 fabricated electrodes 
by hybridizing palladium−copper–copper oxide (Pd-Cu- 
Cu2O) and tin oxide nanoparticles (SnO2), respectively, on 
rGO. The DPV voltammogram demonstrated a LOD of 

1.9 nM and 0.04 μM for Pd-Cu-Cu2O and SnO2, respec
tively. Both the groups used the hydrothermal route for the 
development of tryptophan-sensitive electrodes. The major 
limitations of the hydrothermal synthesis include the need for 
expensive autoclaves and the impossibility of observing the 
crystal growth because of the steel tube of the autoclave.73 

Also, Pd-Cu-Cu2O was only applied for the detection of 
tryptophan in milk and urine samples, thus requires testing 
in presence of other amino acids.

Generally, two enantiomers of tryptophan (L-tryptophan 
and D-tryptophan) exist in nature,74 but their biological 
activities are different.75,76 L-tryptophan showed a signifi
cant impact on the normal functions of life, and its deficiency 
may cause several diseases. On the other hand, D-tryptophan 
was identified as a bioactive compound for postembryonic 
ovarian development in the Dugesia ryukyuensis.77 Recently, 
a nanocomposite was synthesized from rGO, carboxymethyl 
cellulose (CMC), and polyaniline (PANI), for the selective 
detection of L- and D-tryptophan by DPV measurements.78 

The developed nanocomposite was decorated on a GCE to 
obtain an electrochemical sensor rGO/PANI/CMC/GCE. 
The sensor showed a linear response range from 0.01 to 5 
mM with a detection limit of 0.07 μM and 0.005 μM for 
L-tryptophan and D-tryptophan, respectively. In the absence 
of strong coordination ions, chiral recognition happens 
because of the formation of two different diastereoisomeric 
complexes between enantiomer and selector with different 
binding energy. This difference in binding energy is reflected 
in the electrochemical signal to differentiate between the two 
enantiomers. The rGO/PANI/CMC/GCE has an enantio
meric selectivity of 2.26. Furthermore, chemicals like epi
nephrine, dopamine, histamine, adrenaline, serotonin, 
tryptamine, tyramine, and phenethylamine were used for 
interference analysis. The result exhibited that the existence 
of these chemicals had a minor influence on electrochemical 
chiral recognition. The major downside of this sensor is in 
situ preparation of nanocomposite. The in situ synthesis uses 
a lot of initial material chemicals and a short period to 
execute the polymerization process.79 Moreover, the 
unreacted educts of the in situ reaction might influence the 
properties of the final material, which can change the entire 
electrochemistry and hamper reproducibility.80

DPV-Based Detection of Melatonin
Gomez et al81 detected melatonin and serotonin in phar
maceutical samples. In this study, graphene was utilized as 
a base material due to its high electrical conductivity and 
surface area. They used single/multi-walled CNTs to 
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modify carbon screen-printed electrodes for their DPV 
method, which exhibited LODs of 0.4 μM for serotonin 
and 1.1 μM for melatonin. The attempt was to perform the 
simultaneous detection of melatonin and serotonin in bio
logical samples. However, the electrode was not sensitive 
enough to be applied to biological samples, and can only 
be applied for pharmaceutical sample analysis.

A platform that employed a simpler, faster nanocom
posite production process was later developed, in which 
self-assembling gold nanoparticles (AuNPs) linked to 
molybdenum disulfide (MoS2) nanoflakes (Au-MoS2) 
were prepared by probe sonication. The rapid synthesis 
of Au-MoS2 composites was performed by sonicating a 
mixture of MoS2 nanoflakes and AuNPs at 30% amplitude 
for 5 min. The Au-MoS2 composite was drop-casted onto 
GCEs to create Au-MoS2-GCE sensing platforms. The 
Au-MoS2-GCEs exhibited a high surface-to-volume ratio 
(high catalytic activity) due to a high electrochemically 
active surface area. This Au-MoS2-GCE platform was 
applied to the simultaneous detection of UA and 
melatonin82 and achieved a LOD of 18.2 nM for UA and 
15.7 nM for melatonin. Although the Au-MoS2-GCE sen
sors generated reproducible results and exhibited good 
operational and storage stability, the clinical usefulness 
of this dual UA/melatonin detection system was not 
demonstrated in this study, as the samples analyzed were 
urine samples spiked with UA and melatonin. Quantifying 
melatonin levels in urine is not common practice in clin
ical studies, because only small quantities (~5%) of endo
genous melatonin are present in urine samples;83,84 levels 
of a6MTs in urine samples are typically measured instead, 
because the concentration of a6MTs in urine is 2–3 times 
higher than that of melatonin, and urinal a6MTs concen
tration reflects that of endogenous melatonin.85–87

In 2017, Rajkumar et al88 synthesized highly stable pal
ladium nanoparticles on a porous carbon aerogel (Pd/CA) 
using microwave reduction, which they used for the electro
chemical sensing of melatonin and dopamine. Due to its high 
surface area (851.8 m2/g) and pore volume (3.021 cm3/g), the 
Pd/CA nanocomposite displayed exceptional electrocatalytic 
activity and selectivity for both melatonin and dopamine. 
Various voltammetric methods, such as DPV, LSV, and 
OSWSV, were applied using the Pd/CA electrode to analyze 
melatonin and dopamine samples in the presence of interfer
ing biomolecules, including AA and UA. The Pd/CA-mod
ified electrode with DPV exhibited impressive linear 
response ranges for the electrochemical detection of melato
nin (0.02–500 μM) and dopamine (0.01–100 μM) with LODs 

of 2.6 and 7.1 nM, respectively. The Pd/CA nanocomposite 
was produced using a relatively simple microwave reduction 
method; however, the synthesis of the carbon aerogel, as well 
as Pd/CA curing, required carbonization procedures to be 
performed under N2 gas at 900°C and 400°C, respectively.88 

Efforts should be made to simplify the Pd/CA fabrication 
process to facilitate the scale-up of the electrode.

In 2018, the combined measurement of acetaminophen, 
epinephrine, and melatonin was performed for the first 
time, using a DPV method with CPE sensors modified 
with zinc ferrite nanoparticles (ZnFe2O4NPs/CPE).89 

These zinc ferrite nanoparticles have a high surface-to- 
volume ratio and display good electrocatalytic activity 
toward melatonin, acetaminophen, and epinephrine. The 
best electrocatalytic activity was obtained at working vol
tages of 0.55, 0.35, and 0.09 V, for melatonin, acetamino
phen, and epinephrine, respectively. The linear detection 
ranges and LODs were 6.5–145 μM and 3 μM for mela
tonin, 6.5–135 μM, and 0.4 μM for acetaminophen, and 
5–100 μM and 0.7 μM for epinephrine, respectively; the 
samples analyzed were spiked human serum samples and 
pharmaceutical products. Although the ZnFe2O4NPs/CPE 
sensor exhibited low interference by other biomolecules, 
the LOD using ZnFe2O4NPs/CPE sensors is relatively 
high, so it is irrelevant for human samples.

In 2019, the same research group that developed the 
ZnFe2O4NPs/CPE sensor89 developed a more sensitive 
electrochemical platform to analyze melatonin, dopamine, 
and acetaminophen simultaneously.90 The DPV was 
applied on the samples by using CPE sensors coated 
with aluminum oxide-supported palladium nanoparticles 
(PdNP/Al2O3), exhibiting ranges of detection for dopa
mine, acetaminophen, and melatonin of 50 nM–1.45 
mM, 40 nM–1.4 mM, and 6.0 nM–1.4 mM, respectively. 
The LOD was 36.5 nM for dopamine, 36.5 nM for acet
aminophen, and 21.6 nM for melatonin.

The synthesis of the ZnFe2O4NPs/CPE and PdNP/Al2O3 

electrodes, especially the paste preparation method was 
laborious; this poses future challenges for scale-up and 
mass production. Moreover, the use of Pd increased the 
cost of electrode production, thus preventing its public 
utilization. Therefore, research groups have investigated 
the replacement of expensive metals for cheaper alternatives 
to produce melatonin sensors. In the same vein, a high- 
performance melatonin sensor was produced by decorating 
inexpensive carbon nanofibers (CNFs) with FeCo bimetallic 
alloys and then depositing them on GCEs (FeCo@CNFs/ 
GCE).91 FeCo displayed high electrocatalytic and electron 
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transfer activities, which enabled rapid and continuous mel
atonin analysis. Pharmaceutical samples containing melato
nin were analyzed with the FeCo@CNFs/GCEs, exhibiting 
a detection limit of 2.7 nM; this detection limit is sufficient 
for analyzing pharmaceutical samples. Similar to the other 
electrochemical sensors discussed above, the key limitation 
of the FeCo@CNFs/GCE sensor is its long and complex 
fabrication process; the synthesis of FeCo@CNFs alone 
takes 24 h. Additionally, nanofiber stabilization takes 1 h 
at 280°C, followed by carbonization at 800°C for 2 h. A 
short and simple process should be developed to produce 
bimetal nanowires.

Recently, a sensitive DPV melatonin sensor based on 
integrated 2D materials was developed by Liu et al.92 

Electrode of melatonin sensor was fabricated by decorat
ing a ternary complex of Tin disulfide (SnS2) nanoflakes, 
GO, and β-CD on the surface of SPEs (SnS2/GO/β-CD/ 
SPE).92 The DPV method and SnS2/GO/β-CD/SPE sensor 
combination had a linear range of melatonin detection 
from 1 nM to 100 μM, with a LOD of 0.17 nM. The 
SnS2/GO/β-CD/SPE electrochemical sensor was success
fully applied to detect melatonin in pharmaceutical sam
ples and human saliva, both of which correlated well with 
corresponding ELISA results. The SnS2/GO/β-CD/SPE 
sensor had a fast response time, was made of inexpensive 
tin and graphene materials, and was relatively easy to 
operate, thus overcoming the limitations typically found 
in conventional melatonin sensors. The sensitivity of the 
SnS2/GO/β-CD/SPE sensor is high enough to analyze 
nocturnal biological samples; however, its sensitivity 
must be enhanced to extend its applicability to daytime 
samples. Additionally, the fabrication time of SnS2/GO/β- 
CD/SPE sensors is almost 24 h and includes hydrothermal 
synthesis at 200°C for 12 h, which highlights another 
potential area for improvement.

In plants, melatonin is a potent antioxidant and growth 
promoter, protecting against oxidative stress and facilitat
ing adaptation to harsh environmental conditions.92 Plants 
operate under a wide range of pH conditions, making it 
difficult to develop electrochemical sensors to monitor 
plant bioactive molecules in vivo.93 To tackle this issue, 
a DPV system using a copper oxide (CuO)-poly(L-lysine)/ 
graphene electrode as a sensor was developed to assess 
melatonin and vitamin B6 (pyridoxine, PN) levels in 
plants in situ.94 Melatonin and PN detection was depen
dent on CuO and poly(L-lysine), while the conductivity of 
the 3D-graphene layer amplified the catalytic current. 
Between pH 6.8−7.4, the current-time curve displayed a 

detection range of 0.016−1110 μM for melatonin, with a 
LOD of 12 nM. The linear detection range for PN was 3 
−2076 μM and the LOD was 2.3 μM. Because the pH of 
fruit varies according to species and level of maturity, 
further research is warranted to improve the pH range of 
working electrodes.

SWV-Based Detection of Tryptophan
SWV is a fast voltammetric technique that is routinely 
applied for quantitative analyses. Although SWV was 
first reported as long ago as 1957,95 its practical use has 
been limited by the level of available technology. Recent 
advancements in both analog and digital electronics have 
made the incorporation of SWV into modern polaro
graphic analyzers feasible. SWV is much faster than nor
mal pulse or DPV; DPV generally exhibits scan rates of 
1–10 mV/s, whereas the scan rates of SWV are typically 
>1 V/s.96,97

Owing to advantages including low background current 
(compared with solid graphite or other noble metal elec
trodes), easy synthesis, the feasibility of incorporating 
various substances during the paste preparation, large 
potential window, inexpensive, straightforward surface 
renewal process, and ease of miniaturization, the CPEs 
are widely applicable in both electrochemical studies and 
electroanalysis.98–102 In 2015, Beitollahi et al103 modified 
the CPE with 2-chlorobenzoylferrocene/Ag–ZnO nano
plates (2CBFAGZCPE) for the detection of tryptophan 
along with captopril. The SWV peak current increased 
linearly with tryptophan concentration in the range of 
0.05 to 20.0 μM and a detection limit of 0.02 μM was 
obtained. The electrochemical analysis at the surface of 
modified electrode 2CBFAGZCPE exhibited that electro
oxidation is catalyzed at pH 7.0. This result indicated that 
the fabricated sensor 2CBFAGZCPE might be pH sensi
tive, which will limit its applicability for the detection of 
tryptophan in various patient samples such as in acidosis, 
acute pancreatitis, and poisoning, etc.104–106 Though the 
application of transition metal complexes (eg, Ag–ZnO) 
for the development of tryptophan sensor has shown elec
trocatalytic properties, the linear range of tryptophan 
detection by 2CBFAGZCPE was low because the electron 
transfer process is slow and the overpotential is high for 
the direct oxidation of tryptophan on the CPE.107,108

In 2016, nickel oxide (NiO) and copper oxide (CuO) 
nanoparticles and modified GR were decorated on GCE to 
fabricate a sensor for simultaneous determination of trypto
phan, dopamine, and acetaminophen using square wave 
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voltammetry.109 The GCE is better than CPE in terms of 
promoting electron transfer and thereby enhancing 
sensitivity.110 GR was modified by using citric acid to 
produce more functional groups, which benefits the deposi
tion of dispersed metal particles. NiO–CuO/GR modified 
electrode was prepared by electro-deposition. Afterwards, a 
modified electrode was prepared by electro-deposition of 
NiO-CuO and citrate modified GR on GCE (NiO–CuO/GR/ 
GCE). The NiO–CuO/GR/GCE electrode displayed that the 
linear response ranges for detecting tryptophan, dopamine, 
and acetaminophen were 0.3–40 μM, 0.5–20 μM, and 
4–400 μM, respectively, and the detection limits were 0.1 
μM, 0.17 μM, and 1.33 μM. Similarly, He et al111 used 
GCE and modified it with a nanocomposite of cuprous 
oxide and rGO (Cu2O–rGO/GCE). The cuprous oxide cop
per oxides are p-type semiconductors with better ability to 
promote electron transfer process, are inexpensive, com
paratively lower toxicity, and effective antimicrobial 
activity.112–115 The oxidation peak current of tryptophan 
exhibited a slightly better linear relationship with its con
centration in the range of 0.02–20 μM, and the LOD was 
0.01 μM, as analyzed by SWV. The tryptophan sensor 
Cu2O–rGO/GCE was applied for the quantification of tryp
tophan in human serum samples and commercial amino 
acid injections. With a high recovery rate of 97.0–102.3%, 
the authors showed that the sensor can be used for the 
determination of tryptophan in real samples such as 
human serum. However, the Cu2O–rGO/GCE sensor used 
sulfuric acid as a supporting electrolyte for the detection of 
tryptophan, which is a very strong and highly corrosive 
acid. Sulfuric acid can decompose lipids and proteins, by 
ester and amide hydrolysis upon contact with living tissues, 
like skin or flesh. The sulfuric acid exhibits a strong dehy
drating property on carbohydrates, liberating extra heat 
leading to secondary thermal injuries.116,117 The use of 
sulfuric acid as a supporting electrolyte for the tryptophan 
detection limits the practical applicability of Cu2O–rGO/ 
GCE. In addition, the LOD can be further improved by 
the modification of metal oxide on the GCE.

In 2021, GCE was modified with a nanocomposite of 
CuO nanoflakes anchored with polythiophene (PT-CuO/ 
GCE).118 Despite the aforementioned exciting features of 
copper oxides in sensing, it has few limitations such as 
low conductivity and aggregation. To improve these short
comings, a CuO-PT nanocomposite was prepared. 
Polythiophene, an exceptional organic conducting poly
mer, can proficiently transfer the electric charge produced 
by the biochemical reaction to the electronic circuit. The 

use of PT-CuO/GCE electrode does not show enhancement 
in LOD of 15 nM and linear detection range of 0.1 μM to 
1 mM for tryptophan as compared with previous reports. 
Further research is needed to explore novel materials used 
in the eco-friendly and sensitive detection of tryptophan.

SWV-Based Detection of Melatonin
Several SWV-based sensing platforms have been devel
oped for the detection of melatonin and other related 
biomolecules. Molaakbari et al119 fabricated zinc oxide 
(ZnO) nanorods to coat CPEs (ZnO/CPE), thus generating 
sensors for the simultaneous evaluation of dopamine, mel
atonin, methionine, and caffeine levels.119 The combined 
SWV-ZnO/CPE technique had LODs of 5.0 μM, 750.0 
μM, 700.0 μM, and 450.0 μM for dopamine, melatonin, 
methionine, and caffeine, respectively; the linear detection 
range was 0.3–0.1 mM. The sensitivity for dopamine 
detection using ZnO/CPEs may be adequate for use; how
ever, the LOD for melatonin was relatively poor. 
Therefore, ZnO/CPEs cannot be applied for melatonin 
detection in most biological fluids.

The electrocatalytic activity of chemically modified 
electrodes depends on the electrode materials. To improve 
sensitivity, CPEs were modified using graphene decorated 
with magnetite (Fe3O4) magnetic nanoparticles (G/Fe3O4/ 
CPE), then applied with SWV to simultaneously detect 
melatonin and dopamine.120 The synergistic action of gra
phene and the Fe3O4 magnetic nanoparticles created a 
large surface area, as well as good electrical conductivity 
and electrocatalysis. The G/Fe3O4/CPE displayed a 
broader linear range and increased LOD compared to the 
ZnO/CPE: the range of detection was the same for both 
melatonin and dopamine (0.02–5.80 μM), but the LOD 
differed for each (8.40 and 6.50 nM for melatonin and 
dopamine, respectively). Although the sensitivity of G/ 
Fe3O4/CPEs was higher than that of ZnO/CPEs, G/ 
Fe3O4/CPEs displayed poor molecular specificity. A 12- 
fold excess of tryptophan seriously interfered with the 
melatonin measurements taken using G/Fe3O4/CPEs. 
Under standard physiological conditions, tryptophan levels 
in human beings are more than 1000-fold higher than 
melatonin and can be higher in certain disease conditions 
such as schizophrenia.121–123 Tryptophan interference is 
therefore an important limitation of the G/Fe3O4/CPE 
sensor.

In another investigation, the simultaneous detection of 
melatonin and serotonin was achieved by combining SWV 
with an electrochemical sensor, which was fabricated by 
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depositing acetylene black-chitosan nanoparticles (AB-C) 
onto gold electrodes (AB-C/GEs).124 The authors of this 
study claimed that the biopolymer-based sensor was eco
nomical; nonetheless, the use of gold electrodes nullifies 
this assertion. The LOD using the AB-C/GEs was 0.16 μM 
for serotonin and 1.9 μM for melatonin. The AB-C/GE 
sensors were able to detect melatonin in the presence of 
equimolar concentrations of dopamine and AA. More sen
sors should be developed using biologically derived, eco
nomical compounds such as chitosan, agar, and cellulose 
but using cheaper electrodes like CPEs.

In 2019, a sensitive and selective electrochemical sen
sor was developed for the simultaneous sensing of mela
tonin, norepinephrine, and nicotine. The sensor comprised 
nicotinamide adenine dinucleotide (NAD) immobilized on 
gamma (γ)-irradiated tungsten trioxide nanoparticles 
(WO3), which was used to coat a GCE (Figure 4).125 

The nicotinamide coenzyme is required to catalyze the 
reversible NAD+ to NADH redox reaction, which is a 
major source of energy production during cellular 
respiration.126 The strong redox properties of the deposited 
NAD enabled the differential electro-oxidation of melato
nin, norepinephrine, and nicotine, thus enabling the 

identification and quantification of the three analytes. 
SWV was applied due to its suitability, selectivity, and 
sensitivity; this technique facilitated the electrocatalytic 
analysis of melatonin, norepinephrine, and nicotine in the 
presence of various biomolecules that would potentially 
cause interference in in vivo samples, such as dopamine, 
serotonin, epinephrine, cotinine, adenosine diphosphate, 
adenosine triphosphate, glucose, folic acid, tyrosine, tryp
tophan, UA, cysteine, and AA.125 The LODs for melato
nin, norepinephrine, and nicotine were 2.6 nM, 1.4 nM, 
and 1.7 nM, respectively. In the same study, sensitive 
GCEs modified with γ ray-irradiated ethylenediaminete
traacetic acid-WO3 nanoparticles harboring immobilized 
NAD were developed for melatonin detection. However, 
the use of γ rays in electrode fabrication is a major concern 
due to their toxicity (Figure 4A); short exposure to γ rays 
readily causes mutations in DNA, leading to tumor forma
tion or cancer.127 Therefore, biologically and environmen
tally benign methods should be developed to fabricate 
electrochemical sensors.

In response to health and environmental concerns asso
ciated with electrode manufacturing, electrode fabricated 
from the biodegradable and biocompatible waterproof 

Figure 4 Synthesis and detection of nicotine, melatonin, and norepinephrine by NAD/GI EDTA-WO3/GCE. 
Notes: (A) Gamma irradiation mediated immobilization of nicotinamide adenine dinucleotide (NAD) on glassy carbon electrodes (GCEs). (B) Mechanism of the 
electrochemical determination of nicotine (NIC) and melatonin (MEL) by one proton and one electron oxidation, and of norepinephrine (NEP) by two protons and two- 
electron oxidations. Adapted from Biosensors and Bioelectronics, Vol 143, Issue 2019, Anithaa AC, Asokan K, Lavanya N, Sekar C, Nicotinamide adenine dinucleotide 
immobilized tungsten trioxide nanoparticles for simultaneous sensing of norepinephrine, melatonin and nicotine, Page No. 111598, Copyright (2019), with permission from 
Elsevier.125 

Abbreviations: EDTA, ethylene diamine tetraacetic acid; GI, gamma irradiation; WO3, tungsten trioxide nanoparticles.
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paper was developed, generating a disposable electroche
mical sensing platform for the quantitative and qualitative 
assessment of melatonin and paracetamol.128 To achieve 
this, a conductive ink was synthesized using graphite 
powder dispersed in nail polish (GPT), which was then 
applied to the waterproof paper using a screen-printing 
technique, thus generating GPT/waterproof paper elec
trode (GPT/WPEs) (Multimedia Component 1). The refer
ence electrodes were modified with silver ink. A method 
combining SWV with the GPT/WPEs was applied to ana
lyze melatonin samples, demonstrating a linear detection 
range of 0.80–100 μM and a LOD of 32.5 nM. The SWV- 
GPT/WPE method was then used to detect paracetamol 
and melatonin in synthetic saliva, sweat, and urine sam
ples. Although this waterproof paper-based electrochemi
cal device is straightforward, disposable, and cost- 
effective, it is yet to be tested with real biological samples 
and for tryptophan interference.120 Furthermore, the range 
and limit of detection of the GPT/WPE should be 
improved before it can be used on a mass scale. Other 
conducting polymers such as poly(3,4-ethylenedioxythio
phene) and poly(styrenesulfonate) exhibit higher 

conductivities than graphite, and could therefore be used 
to further enhance sensitivity and LOD.

As discussed above, the specific detection of melatonin in 
complex biological samples is a significant challenge. Some 
recently developed methods displayed good selectivity but 
compromised on the LOD and detection range, whereas 
others were not tested for molecular interference with real 
biological samples. Fabricating molecular recognition mate
rials for voltammetric analyses could increase the specificity 
of electrodes. Molecular imprinting technology is a tool for 
synthesizing robust molecular recognition materials for the 
detection of molecules such as hormones, proteins, nucleo
tides, drugs, pollutants, and food. The principle of MIT relies 
on the formation of complexes between an analyte, which 
acts as a template, and a functional monomer. In the presence 
of a cross-linking agent, a three-dimensional polymer net
work is formed between the analyte and the monomer. 
Following polymerization, the analyte (template) is stripped 
from the polymer, leaving specific recognition sites that are 
complementary to the analyte in size, shape, and chemical 
functionality (Figure 5).129 Molecular recognition typically 
occurs via intermolecular interactions (eg, hydrogen bonds, 

Figure 5 Scheme showing the fabrication of a molecularly imprinted melatonin sensor using a graphene and co-polymer composite. 
Notes: The graphene was dropped on the surface of GCEs and dried at room temperature overnight. The film containing the imprinted copolymer was prepared by 
electropolymerization. The template was then removed to obtain the molecularly imprinted surface for the detection of melatonin. Adapted with permission of Royal 
Society of Chemistry, from Graphene and Co-polymer composite based molecularly imprinted sensor for ultratrace determination of melatonin in human biological fluids, 
Gupta P, Goyal RN, RSC Advances, Vol 5, edition 50, Copyright (2015); permission conveyed through Copyright Clearance Center, Inc.130 

Abbreviations: GCE, glassy carbon electrode; AHNSA, 4-amino-3-hydroxy-1-naphthalene sulfonic acid; MM, melamine.
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ionic bonds, and dipole–dipole interactions) between the 
analyte molecule and functional groups present in the poly
mer matrix. Thus, the resulting molecular pattern embedded 
within the polymer can selectively recognize and bind to the 
desired analyte. MIT has been successfully applied to modify 
electrodes for electrochemical sensing. This method offers 
the advantage of being relatively stable during storage and 
exhibiting low denaturation rates; instability and denatura
tion are the primary limitations of biological recognition 
elements such as enzymes and antibodies.

Recently, an electrochemical microfluidic chip was 
developed for melatonin detection using MIT. A compo
site containing graphene, a co-polymer of 4-amino-3- 
hydroxy-1-naphthalenesulfonic acid (AHNSA), and mela
mine was used to fabricate a novel molecularly imprinted 
polymer (MIP) sensor to detect melatonin in human serum 
and urine samples (Figure 5).130 The MIP film was pro
duced by depositing graphene onto GCE surfaces and 
subsequently electropolymerizing AHNSA and melamine 
in the presence of melatonin. To release the imprinted 
melatonin molecules from the composite, the modified 
electrode was cycled between −1.0 and +1.0 V at a scan 
rate of 100 mV/s for 25 cycles in 0.5 M sulfuric acid. 
SWV analysis using the MIP sensor displayed a melatonin 
detection range of 0.05–100 μM with a LOD of 60 pM.

MIT is a promising tool that could soon replace the use 
of biomolecules (eg, antibodies, aptamers, and enzymes) 
for molecular sensing. The selection of a suitable material 
and preparation protocol is critical for the production of 
effective MIPs.131 However, cost-effective materials to 
develop MIT-based sensors are currently lacking.132 

Furthermore, MIT technologies utilize free-radical poly
merization and sol-gel processes. Free-radical polymeriza
tion involves multiple mechanical grinding and sieving 
steps to obtain minute particles, which can lead to lower 
than expected binding affinities.131 Moreover, free-radical 

polymerization can only be performed in bulk, hence 
requiring a large amount of template material, which ren
ders the process expensive.

Amperometry-Based Detection of 
Tryptophan
Amperometry is an electrochemical technique in which 
current is measured as a function of an independent vari
able like electrode potential or time. Han et al133 pyrolyzed 
Dandelion pappus and drop-casted on GCE to develop an 
economical nanoporous carbon sensor for the detection of 
tryptophan. Owing to the porous structure and large spe
cific surface of nanoporous carbon, it showed an excellent 
electrocatalytic activity toward tryptophan oxidation with 
a reduced overpotential and improved current response. 
The amperometric response of the nanoporous carbon 
electrode-based sensor was linear in the range of 1 μM to 
10 mM and the LOD was 0.5 μM. Tryptophan content in 
compound amino acid injection and fetal calf serum was 
assessed by this nanoporous carbon electrode-based sensor 
and showed a good correlation of 98.17 to 103.93%. The 
nanoporous carbon electrode sensor is biodegradable and 
economical, but the drop-casting method used to fabricate 
this sensor has considerable limitations like the coffee ring 
effect (CRE). The CRE was observed and interpreted by 
Deegan et al,134 who found that the periphery of the ring 
was seen to be concentrated with the non-volatile solute 
particles in contrast to the center of the stain. Meaningful 
voltammetry results require the formation of uniformly 
modified surfaces, but drop-casting causes CRE,135 

which significantly limits the reproducibility of the drop- 
casted surfaces. A practical approach to mitigate CRE is to 
explore a variety of solvents in combination with nanopor
ous carbon electrodes followed by microscopic imaging of 
the casted surfaces.135 The combination which offers mini
mum CRE should be used to avoid reproducibility issues.

Figure 6 Schematic representation of the simple flow injection analysis system for electrochemical detection.
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A major focus of present-day electroanalytical research 
is to combine amperometric detection with analysis in a 
liquid flow. This combination will ensure an enhanced 
sensitivity, selectivity along with an increase in the 
throughput of analysis (Figure 6).136 Apart from miniatur
ization and automation, flow injection decreases the 
volume of reagents, samples, and wastage. Also, flow- 
injection enhances the diffusion of the sample into the 
stream of reagent leading to high sensitivity.137 

Shaidarova et al138 developed a flow-injection-based 
amperometric sensing platform by electrodepositing 
AuNPs on a screen-printed electrode for the determination 
of tryptophan. The dependence of the analytical signal on 
the concentrations of tryptophan and pyridoxine on the 
logarithmic coordinates is linear in the ranges from 0.5 
μM to 5 mM. The use of the amperometric response of an 
Au−SPE electrode under flow injection analysis showed a 
theoretical throughput of up to 180 samples/h. 
Surprisingly, the authors did not report the LOD. 
Moreover, the flow injection was not fully utilized, for 
instance, samples were manually prepared by dissolving 
their precisely weighed portions in a supporting electrolyte 
solution. A fully automated flow system could be gener
ated by coupling microfluidic channels such as tree-shaped 
micromixers or serial lamination mixers for the automa
tion of tryptophan mixing and distribution in multiple test 
chambers.139,140

Amperometry-Based Detection of 
Melatonin
In 2015, Gomez et al141 developed a single-wall carbon 
nanotube press-transferred electrode (SW/PTE) to analyze 
melatonin, tryptophan, and serotonin using a microchip elec
trophoresis platform. Microchip electrophoresis platforms 
enable analytic work to be performed rapidly with low sam
ple and reagent volumes and minimum wastage.142,143 

Furthermore, coupling electrochemical detection with micro
chip electrophoresis enables quick analyses, high sensitivity, 
and miniaturization without compromising on performance. 
By combining SW/PTEs with microchip electrophoresis and 
amperometric detection, melatonin, tryptophan, and seroto
nin were rapidly detected in <150 s with LODs of 4, 1 and 5 
μM, respectively. The linear ranges of detection were 50–500 
μM for both melatonin and tryptophan and 10–200 μM for 
serotonin. Although this study was promising, analyte 
separation had to be performed before sample analysis, 
which potentially interfered with the results. In addition, 

Gomez et al141 claimed that their device was portable (as a 
result of miniaturization) and that their electrodes were dis
posable. However, the durability and accuracy of their device 
were not specified; for novel microchip electrophoresis- 
based detection methods, the number of times the analysis 
can be performed before the chip requires replacement 
should be reported.144

Stochastic Sensors for Tryptophan 
Detection
Stochastic sensors have recently generated considerable 
interest as they can provide rapid, sensitive, and reconfigur
able multi-analyte detection. Stochastic sensors are well 
known for their capacity of performing both qualitative and 
quantitative investigation of materials of interest in complex 
samples.145,146 Stochastic sensors function by measuring the 
ionic transport of analytes through a nanometer-sized pore 
set within an insulating membrane.147 Stochastic sensors are 
based on several parallel, time-resolved measurements 
intended to detect, identify and count discrete macromolecu
lar events instead of reading out an average response. Mihai 
et al148 fabricated four stochastic microsensors with modified 
graphene materials such as β-CD and nitrogen-doped gra
phene (β-CD/nGR), 2,2-diphenyl-1-picrylhydrazyl and exfo
liated graphene (DPPH/exfGR), protoporphyrin IX and nGR 
(PIX/nGR), and PIX-thermally treated nGR (PIX-nGR-TT) 
and used for enantioanalysis of tryptophan in whole blood 
samples. The principle of current development for stochastic 
sensors is based on channel conductivity. The current devel
opment takes place in two steps: the first step when the 
molecule enters the channel/pore, blocking it absolutely or 
mostly (the current drops to a zero value), and the second 
stage where the chirality-dependent binding and redox reac
tion occurs, leading to the enantioselective determination of 
tryptophan. The novelty of the screening method is that both 
enantiomers of tryptophan can be simultaneously examined 
using the stochastic sensors without pre-processing the 
whole blood samples. For L-tryptophan, the linear detection 
range and LOD with β-CD/nGR, DPPH/exfGR, PIX/nGR, 
and PIX-nGR-TT sensors were 10 fM–1 mM and 10 fM, 1 
fM–0.10mM and 1 fM, 100 fM–0.10 mM and 100 fM, 0.10 
nM–0.10 mM and 0.10 nM, respectively. Similarly, for 
D-tryptophan, linear detection range and LOD with β-CD/ 
nGR, DPPH/exfGR, PIX/nGR, and PIX-nGR-TT sensors 
were 1 pM– nM and 1 pM, 1 pM–1 mM and 1 pM, 0.10 
pM–1 mM and 0.10 pM, 1 pM–1 nM and 1 pM, respectively. 
Highly sensitive, and reliable results were obtained when the 
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developed stochastic sensors were used for the enantioana
lysis of tryptophan in blood samples. One drawback of 
stochastic sensors is poor durability, which restricts their 
use in the laboratory.149 Characteristically, the stochastic 
microsensors are only a few hundred microns in diameter, 
and the deposited nanoparticle/electrodes usually rupture or 
leak current after a few hours of use. In the future, stochastic 
microsensors should be combined with microfluidics to 
develop durable lab-on-a-chip technology.

Stochastic Sensors for Melatonin 
Detection
Recently, Staden et al150 designed two stochastic sensors: 
one was modified with rGO decorated with titanium oxide 
(rGO-TiO2) and the other with graphene decorated with 
TiO2 and AuNPs (rGO/TiO2/AuNP); both were mixed 
with a complex of protoporphyrin IX and cobalt.150 Both 
sensors were used to detect melatonin in pharmaceutical 
products and biological fluids such as breast milk and 
whole blood;150 both displayed the same linear range 
(9.98 aM–0.99 pM and LOD 9.98 aM). Even in complex 
samples, the LODs of the stochastic sensors were excel
lent, thus demonstrating their applicability for biological 
sample testing. The major limitations of the melatonin 
stochastic sensors were the complex fabrication processes 
and poor reproducibility due to difficulties in generating 
identical pore sizes.

Optical Detection of Tryptophan 
and Melatonin
Optical sensors are a suitable platform to monitor several 
diseases associated parameters in a personalized fashion. 
Optical sensors have the potential to completely revolutio
nize disease diagnosis and treatment. Colorimetric/fluores
cence readouts are particularly exciting for sensing 
applications as the shift in sample color or change in 

intensity of emitted light can be quantitatively linked to 
the concentration of a target analyte. Over the last 6 years, 
fewer novel optical detection methods for tryptophan and 
melatonin have been reported compared to electrochemical 
methods.

Optical Detection of Tryptophan
A simple colorimetric method for the quantitative deter
mination of free tryptophan with 96-well-plate-level 
throughput was developed. Wu et al151 used purified 
tryptophanases to enzymatically convert tryptophan to 
indole (Figure 7). This indole is further reacted with 
hydroxylamine to form a pink color product with absorp
tion maxima at 530 nm (Figure 7).151 The pink color 
formation is proportional to the amount of tryptophan in 
the sample, thereby, quantitative results can be obtained 
by simple spectrophotometry in two hours. This indole- 
hydroxylamine tryptophan sensor was very robust in 
complicated biological samples. The authors showed the 
specificity of this method for free tryptophan using tyr
osine, phenylalanine, and two dipeptides as competing 
chemicals. They established that proteins in biological 
samples do not interfere with the assay in contrast to 
other separation-free colorimetric methods, but this 
indole-hydroxylamine reaction-based tryptophan detection 
exhibited a poor LOD of 100 μM and linear range of up 
to 600 μM.

To improve the sensitivity of optical detection of tryp
tophan, a water-stable metal-organic framework (MOF), 
ZJU-108, was synthesized as a luminescent sensor.152 

Owing to a lower singlet level of tryptophan compared 
with other amino acids, the singlet–singlet Förster energy 
transfer (S–SFET) mechanism was applied to design a 
luminescent sensor. By selecting a tryptophan appropriate 
singlet energy level ligand 6-(4-pyridyl)-terephthalic acid 
and the biocompatible and inexpensive metal ions, Zn2+ as 
a node, a luminescent MOF, ZJU-108, was fabricated. As 

Figure 7 Schematic diagram of high-throughput colorimetric tryptophan assay. 
Notes: Tryptophan is converted to indole enzymatically by purified tryptophanases and then used reactivity of indole with hydroxylamine to form a pink color product. 
Adapted from Talanta, Vol 176, Issue 2018, Wu Y, Wang T, Zhang C, Xing X-H, A rapid and specific colorimetric method for free tryptophan quantification, Pages No. 604– 
609, Copyright (2018), with permission from Elsevier.151
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anticipated, ZJU-108 showed good tryptophan selective 
luminescence enhancement with a LOD of 42.9 nM. 
Furthermore, ZJU-108 displayed exceptional thermal sta
bility (decomposition temperature of 400°C), water stabi
lity (the integrity of its framework after one-month 
immersion in water), and pH stability (pH range of 1.8– 
11.7 for 12 h). Despite exceptional stability and good 
LOD, ZJU-108 is an enhancement-based sensor, meaning 
it is responsive to other amino acid but give a lower signal 
as compared to tryptophan. In addition, the luminescence 
with ZJU-108 was evaluated with only individual amino 
acids and tryptophan, but not with the mixture of various 
amino acids and tryptophan. Assessment of tryptophan in 
a mixture of amino acids might lead to high background 
noise and false results. Therefore, further research is 
needed to develop a tryptophan-specific sensor.

A selective and sensitive colorimetric method based on 
surface-enhanced Raman scattering (SERS) and diazo cou
pling reaction was developed to quantify trace levels of 
tryptophan in complex biological samples. Surface-enhanced 
Raman scattering technology provides a sharp spectral peak 
of small molecules at very low concentrations,152,153 which 
enables to increase the signal intensity by 6–14 times. 
Tryptophan has low SERS intensity even at the high concen
tration. Tryptophan combines with naphthalene ethylenedia
mine (NEDA) molecules to form a bigger composite through 
a bridge of -N2+ following diazotization, which increases the 
contact surface of tryptophan and indirectly amplified the 
SERS signal strength of tryptophan.154 The LOD of 20 nM, 
with the linear detection range of 50 nM to 1 mM, was 
achieved by this method. The developed sensor was used to 
analyze the difference in serum tryptophan concentrations 
between healthy people and colorectal cancer patients. The 
results showed a high level of correlation when compared 
with the data obtained by HPLC. The major chemicals used 
in the diazo-coupling reaction include sodium nitrite and 
ammonium sulfamate, which are highly toxic to the environ
ment and humans both.155 Especially, sodium nitrite is an 
extremely powerful oxidizing agent, it may cause hypoten
sion, dysrhythmias, alters consciousness, and limits oxygen 
transport and delivery in the body through the formation of 
methemoglobin.156 The use of such extreme toxic chemicals 
should be strongly discouraged and biocompatible chemicals 
must be used to ensure sustainable development.

Recently, fluorescent chiral sensors with straightforward 
signals such as enantioselective fluorescence enhancement 
attracted interest in the determination of enantiomers of 
amino acids. Wu et al157 synthesized polymeric chiral ionic 

liquid-4 (PCIL-4) through free radical polymerization for 
enantioselective detection of tryptophan. Primarily, poly
ethylene (PSVP-3) is chosen as the backbone by using 2- 
azoisobutyronitrile (AIBN) as initiator and cetyltrimethyl 
ammonium bromide (CTAB). CTAB forms micelle to con
trol homogeneity in ethanol and control the open-ended 
growth of polymers. Then, phenyl and pyridine groups are 
physically separated, but meanwhile, allow through-space 
delocalization effect to fabricate fluorescence polymers. 
Secondly, phenylalanine derivative, poly(ionic liquid) (S)- 
PCIL-4 (a chiral molecule) with alkyl chloride is linked to 
the pyridyl nitrogen group to form pyridinium cation. The 
constructed sensor can afford photoluminescence in the pre
sence of spatial π–π and ion–π interaction. Then, (S)-PCIL-4 
can be served as a fluorescent turn-off/on the sensor for chiral 
recognition of tryptophan in the presence of Cu2+. The linear 
detection range for tryptophan was 0–200 mM and 0–175 
mM, with an enantiomeric fluorescence difference ratio of 
1.08. Nonetheless, this research opens up a possible pathway 
to synthesize different chiral fluorescent sensors. 
Subsequently, Pundi et al158 synthesized a chiral carbazole 
sensor (CCS), bearing a “ureacarboxylic acid” binding site, 
for quantitative fluorescence detection of tryptophan. CCS 
sensor can act as a reversible fluorescence quenching sensor 
for Fe3+. Then, the quenched fluorescence of the CCS-Fe3+ 

complex can be recovered upon the addition of tryptophan, 
leading to quantitative detection of tryptophan in an aqueous 
solution. CCS showed a low LOD of 0.31 μM for tryptophan. 
Moreover, the tryptophan contents in three commercial phar
maceutical sleep-improving capsules were analyzed by CCS 
with high accuracy. Further experiments are needed to 
approve this sensor for evaluation of tryptophan in complex 
biological matrix-like serum, urine, and food sample.

Colorimetric/fluorescent detection of biomolecules 
requires spectrophotometric measurement, which are moder
ately expensive. To reduce the cost of detection, scanometry 
was used to assess the color change. Scanometry uses a 
flatbed scanner to measure the reflection of light from the 
solution. Another advantage of scanometry over spectropho
tometry is that the sharpness of the maximum wavelength of 
the analyte is not a serious problem because the measured 
color intensity is analyzed based on different color values 
(red, green and blue, etc.), thus provides a good result even if 
the samples are turbid. Using scanometry, Jafari et al159 

developed a fast and inexpensive colorimetric sensor for 
chiral recognition of tryptophan enantiomers by chitosan- 
capped silver nanoparticles (CS-AgNPs). No color change 
was observed in CS-AgNPs solution in the presence of D- 
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tryptophan, whereas color changed from yellowish to brown 
in the presence of L-tryptophan. The image of the colored 
solution was taken using the scanometer and the correspond
ing color values were obtained using Photoshop software, 
which subsequently was used for the optimization of the 
experimental parameters as the analytical signal. Two types 
of color value systems were investigated: RGB (red, green, 
and blue values) and CMYK (cyan, magenta, yellow and 
black values). The color values indicated that L-tryptophan 
had better interaction than D-tryptophan with chitosan- 
capped silver nanoparticles. The authors postulated that 
selective formation of hydrogen bonds between CS and 
tryptophan isomers due to twofold helical conformation of 
the CS molecule has a possible role in chiral recognition of 
enantiomers. A good linear relationship between the concen
tration of L-tryptophan and the effective intensity of the color 
product was obtained in the concentration range of 13–460 
μM, and LOD was 2.1 μM. Fabrication of custom-designed 
3D-printed accessories compatible with smartphones and 
suitable software applications can be useful in transforming 
scanometry-based tryptophan colorimetric assay to a more 
sensitive, portable, inexpensive, and easy-to-use smart
phone-based system.

Optical Detection of Melatonin
In this section, we discuss colorimetric/fluorometric assays 
that are not antibody-dependent, except the chip-based 
immunochromatographic assays. Array-based sensors uti
lizing nanomaterials have emerged as impressive tools for 
detecting analytes such as proteins, antioxidants, explo
sives, metal ions, and toxic gases.160–164 The nanomater
ial-based array sensors use cross-reactive sensing elements 
to produce unique responses in the form of colorful or 
fluorescent patterns in the presence of different analytes; 
statistical analyses of the patterns facilitate the qualitative 
and quantitative analysis of various molecules.

In two separate studies by Huang et al,165 manganese 
oxide (MnO2)-3,3′,5,5′-tetramethylbenzidine (TMB) 
nanosheets (MnO2-TMB), and sodium hypochlorite 
(NaClO)-TMB nanosheets (NaClO-TMB)166 were synthe
sized to develop multicolor sensor arrays for the analysis 
of various antioxidants including L-glutathione, melatonin, 
L-cysteine, UA and AA.165,166 The varying reducing 
powers of the listed antioxidants elicited distinct colori
metric response patterns, which could be observed at 
wavelengths of 370, 450, and 650 nm. Principal compo
nent analyses confirmed that the two colorimetric assays 
could effectively discriminate between the antioxidants, 

both in the buffer and in antioxidant-spiked fetal bovine 
serum (FBS). The LODs for the antioxidants suspended in 
FBS were 20 μM and 1 nM for the MnO2-TMB and 
NaClO-TMB sensors, respectively. Notably, these eco
nomical MnO2-TMB and NaClO-TMB sensors can discri
minate between various antioxidants present in FBS, and 
the results are visible to the naked eye; however, this 
technique is not functional at clinically relevant concentra
tions. Significant improvements to the sensitivity of these 
sensors will be required if they are to be successfully 
applied for the monitoring and detection of disease, 
which is the primary purpose of most visual biomolecule 
sensors.

Another colorimetric/fluorometric sensor was devel
oped for the detection of melatonin in saliva, using 2.3- 
naphthalenedialdehyde (2,3-Nda) as a chromogenic 
reagent.167 Under acidic conditions, 2.3-Nda reacted with 
melatonin in the presence of iron (III) chloride catalyst; 
the color of the solution changed from colorless to yellow 
in a concentration-dependent manner. Furthermore, apply
ing different concentrations of the reactants generated 
fluorescence due to the large conjugated system of the 
reaction product. For the colorimetric method, the detec
tion range of melatonin was 2.5–37.5 μM with a LOD of 
1.288 μM; the range of melatonin detection for the fluoro
metric method was 0.01–0.1 μM with a LOD of 0.004 μM. 
This assay offered higher sensitivity in comparison to 
other non-enzymatic melatonin detection assays. A poten
tial limitation of this assay was the use of hydrochloric 
acid to create the acidic conditions for the reaction; hydro
chloric acid is highly corrosive and can be harmful to both 
the environment and the user.168 Another drawback is the 
presence of reactive aldehyde groups on 2.3-Nda, which 
may easily be attacked by nucleophiles present in the 
biological samples, such as the sulfhydryl/thiol side-chains 
of cysteine residues and thiolate.169,170 To ensure the relia
bility of this assay, further investigation into the effects of 
different concentrations of biological nucleophilic agents 
would be required.

Recently, an immunochromatographic assay (ICA) was 
developed for rapid quantitative melatonin detection using 
AuNPs conjugated to mouse monoclonal antibodies.171 

The ICA yielded a LOD of 0.185 µM as determined by 
eye, and a LOD of 215.25 nM as determined using a strip 
reader, for pharmaceutical melatonin samples measured 
under optimized experimental conditions. The linear 
detection range was from 215.25 nM to 42 μM, which 
was comparable to standard liquid chromatography. This 
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ICA could be an excellent tool for determining melatonin 
levels in foods; however, the development of a lateral flow 
ICA device for melatonin detection with higher sensitivity 
is essential. The main culprit for low sensitivity in ICAs is 
a transient reaction triggered by capillary action on the 
nitrocellulose membrane (NCM). This transient reaction 
causes low binding rates between probe-labeled targets 
and the immobilized antibodies on the nitrocellulose mem
brane. Modifying the immobilized capture antibodies may 
increase their binding efficiency, which is currently limited 
by the protein-binding capacity of the nitrocellulose mem
brane. Thus, the development of novel materials with 
higher binding affinities may overcome the limited pro
tein-binding capacity of the nitrocellulose membranes and 
further improve the LOD and range of detection of ICAs.

Challenges and Future Perspectives
Due to the widespread availability of tryptophan in several 
proteins, there is still a need to develop highly specific 
sensors, which are not susceptible to the matrix and pH. 
On the other hand, the biggest challenge for melatonin 
researchers is to evaluate circulatory concentrations of 
<8.6 pM in the presence of metabolites with similar mole
cular structures in highly diverse and complex matrices. 
Despite recent efforts, significant improvements to the 
LOD of current assays will be required to deliver inexpen
sive, simple, point-of-care (POC) testing. The emerging 
sensors discussed in this review offer many advantages 
over conventional tryptophan and melatonin testing meth
ods such as simplicity, co-detection, and portability; how
ever, reproducibility, stability, the detection range, and 
LOD are still matters of concern. To improve assay relia
bility, researchers should report inter- and intra-assay 
variability in assay sensitivity.

The number of recent advancements in electrochemical 
sensors reflects the significance of this field, and the power, 
flexibility, and convenience that electrochemistry can offer to 
the detection of biomolecules. However, each of the electro
chemical sensors was subject to the common issue of elec
trode surface biofouling, especially during the analysis of 
complex biological samples. To evaluate biomolecules elec
trochemically, the electrode surfaces must physically interact 
with working solutions, which include clinical samples such 
as plasma, serum, sweat, saliva, or urine. The interaction 
between the electrodes and the solution will, immediately 
or eventually, lead to the adsorption and adhesion of biomo
lecules onto the electrode surface; this inevitable biofouling 
interferes with the sensitivity and selectivity of the 

sensors.172,173 Therefore, a key requirement for developing 
a robust and sensitive electrochemical sensor is the synthesis 
or discovery of powerful anti-fouling material. Novel anti
fouling materials could be amalgamated with the present 
sensing/electroactive materials to fabricate a stable sensor. 
In an attempt to develop a foul-proof bioelectrode, the sur
face of an electrode was co-deposited with polydopamine 
and hyaluronic acid. The deposition of polydopamine facili
tated the absorption of hyaluronic acid, which exhibits anti- 
fouling properties, onto the electrode surface.174 

Alternatively, a novel material with both electroactive and 
anti-fouling activities may also be synthesized. For example, 
newly discovered conjugated polymers such as poly(sulfo
betaine-3,4-ethylenedioxythiophene) exhibit excellent con
ductivity and antifouling/antimicrobial properties.175 

Another prominent issue facing electrochemical sensor pro
duction is a lack of study regarding their shelf life. Typically, 
electrodes destined for electrochemical detection are devel
oped using novel nanocomposites, yet the nanocomposite 
shelf-lives are rarely reported. Comprehensive analyses 
examining the shelf lives of nanocomposites and electrodes 
decorated with nanocomposites in various solutions should 
be conducted. Furthermore, the development of nanocompo
sites requires skillful handling and expensive materials such 
as Pd;88 therefore, simpler protocols with cheaper materials 
should be developed to reduce the overall price and complex
ity of analyte detection. Before using nanocomposite-based 
electrochemical sensors, studying their biocompatibility and 
cytotoxicity is also mandatory to ensure their in vivo 
applicability.

Although robust techniques are available for trypto
phan and melatonin detection, the majority are labora
tory-based, expensive, and require technical training. The 
clinical significance of tryptophan and melatonin has until 
recently been underestimated; however, recent research 
has increasingly demonstrated their key functions in 
human health and disease. Mental health and sleep disor
ders, jet lag, and shift work present novel problems asso
ciated with modern life; detection of their associated 
ailments usually take place only once they have entered 
their chronic phase.

Moreover, artificial light is a potent circadian rhythm 
disruptor that reduces melatonin levels with serious 
consequences.177–180 POC measurements of tryptophan 
and melatonin levels could enable the early diagnosis of 
circadian disruption-related physiological and psychologi
cal disorders. In addition, sensing both melatonin and 
tryptophan in real-time might provide key insights into 
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their role in immunomodulation, inflammatory disease, 
and inflammatory responses to pandemic diseases such as 
COVID-19.180–183 Thus, nanoelectrodes for real-time 
detection that are easily synthesized, durable, inexpensive, 
eco-friendly, biocompatible, selective, and sensitive are 
urgently needed. Recently, microelectromechanical neuro
tools for non-invasive ultrasound brain stimulation were 
developed to treat brain disorders.184 Similarly, with the 
help of big data analysis and artificial intelligence, wear
able micro/nanoelectromechanical sensors could be devel
oped to study the sleep-wake cycle and accurately quantify 
circadian disruption.185 Strategies to diagnose circadian 
disruptions accurately using wearable sensors could poten
tially lead to novel therapeutic interventions.185,186 

Another potentially fruitful avenue of tryptophan and mel
atonin detection research is the development of lateral flow 
ICAs. In recent years, lateral flow ICAs have attained 
considerable commercial success, which has a positive 
impact on disease diagnosis. However, there is a scarcity 
of lateral flow ICAs available for melatonin detection due 
to the need for very high sensitivity. Lateral flow ICAs are 
typically performed by examining color changes by the 
naked eye. Optical (colorimetric, fluorescence, chemilumi
nescence, and surface-enhanced Raman scattering), ther
mal (thermal imaging, photoacoustics, and speckle 
imaging), magnetic (magnetic nanoparticle quantification, 
giant magnetoresistance, and tunneling magnetoresis
tance), and electrochemical (various voltammetry and 
electro-chemiluminescence) technologies could be utilized 
to develop high-sensitivity lateral flow ICAs to quantify 
melatonin in biological samples for POC testing.187

Conclusion
In the present review, we have objectively summarized both 
electrochemical and optical sensors for tryptophan and mel
atonin detection, providing a scientific opinion on the future 
of the field. Given the vast number of publications in this 
field, we have focused on high-sensitivity methods devel
oped within the last 6 years. Even with this focus, we will 
have inevitably and unintentionally excluded some emerging 
technologies. Over the past few decades, there has been 
significant interest in the development of tryptophan and 
melatonin detection techniques using immunoassays, spec
trometry, HPLC, MS, colorimetry, fluorometry, and electro
analytical sensors. Among these, electroanalytical detection 
tools present several advantages, including low LODs and 
high range, low interference, cost-effectiveness, fast 
response times, and suitability for quantitative and analytical 

applications. Future work on electrochemical sensors may 
involve the optimization of LOD and sensitivity, the devel
opment of an integrated detection system, and the monitoring 
of biomolecules in vivo. Furthermore, to compensate for the 
lack of output signal from the MIT, the fluorescent or highly 
electroactive materials should be coupled with the high 
selectivity of MIT to develop ultrasensitive and selective 
sensors used for the detection of tryptophan and melatonin. 
In summary, further work is needed to achieve mass produc
tion with MIT, and research into the mechanism and the 
characterization of “on-off” fluorophore sensors are still 
highly limited and require further development. Despite 
notable recent advancements in electrochemical sensor 
development, attempts to design and explore novel techni
ques for eco-friendly, cheaper, durable, and faster sensing 
tools should be actively pursued. For colorimetric/fluoro
metric sensors and lateral flow devices to achieve commer
cial success, significant improvements to sensitivity are 
needed. We also want to highlight that except modifications 
of immunoassays, there is a substantial lack of research 
regarding optical detection of tryptophan and melatonin. 
There is an immediate need to develop novel colorimetric 
and fluorescent materials for optical sensing of tryptophan 
and melatonin. Finally, commercialization efforts and appli
cation-driven collaborations of different disciplines will be 
critical for future developments.
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