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A B S T R A C T

Many physiological disorders, including Parkinson’s, Alzheimer’s and schizophrenia, are associated with
variations in the biological levels of neurotransmitters and affect, e.g., learning, sleeping, memory, con-
sciousness, andmood. Real-time, ultrasensitive and accurate detection of neurotransmitter levels in biological
fluids not only improves the quality of a patient’s life but also can reduce the cost of treatment. Ad-
vanced materials can offer remarkable opportunities in the design of bioimaging methods. With advanced
materials, hopes of introducing “molecule-sensitive” methods with in-situ scientific instrumentation ca-
pability increase. This review aims to highlight recent advancements in materials used for detection of
important neurotransmitters and focuses on the analytical features of the optical-based methods available.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Neurotransmitters are released from nerves to transmit signals
from neurons to a target neuron synapses. Neurotransmitters can
be categorized according to their functions into excitatory and in-
hibitory. Themost common excitatory neurotransmitter is glutamate,
although glycine and dopamine (DA) have excitatory actions. They
convince a nerve cell to produce an action potential, an electro-
chemical impulse that nerve cells use to transmit signals. In contrast,
inhibitory neurotransmitters [e.g., γ-amino butyric acid (GABA) and
serotonin (5-HT)] block the signal-transmission process. However,
some neurotransmitters possess both properties (e.g., DA). More-
over, some catecholamines, namely DA, norepinephrine (NEP) and
epinephrine (EP), play another important role in the central nervous
system (CNS) as hormones, and they also affect the regulation of
blood pressure, heart rate and lipolysis [1].

Neurotransmitters play important role in many brain func-
tions, including behavior and cognition. They affect and adjustmuscle
tone and heart rate, and regulate learning, sleeping, memory, con-
sciousness, mood and appetite [2–7].

Changes in the concentration of neurotransmitters in the CNS
have been associated with manymental and physical disorders {e.g.,
Parkinson’s, Alzheimer’s, schizophrenia, glaucoma, Huntington’s, ep-
ilepsy, arrhythmias, thyroid hormone deficiency, congestive heart
failure, sudden infant death syndrome (SIDS), depression and anxiety
[3,4,6,8–17]}. Thus, the quantitative detection of the neurotrans-
mitter in different human fluids appears to be important for
diagnosis, monitoring disease state and therapeutic interventions.
Table 1 shows the normal concentrations of neurotransmitters in
various media.

Real-time and accurate detection of the concentration of neu-
rotransmitters in urine, plasma and cerebral fluids could improve
the treatment process and prevent unnecessary drug treatment. So
far, more than 100 neurotransmitters have been identified, but
this review covers only more common neurotransmitters, includ-
ing DA, ACh, glutamate, aspartate, GABA, 5-HT, EP and NEP in
various physiological mediums (e.g., serum, plasma, urine and ce-
rebral fluids) utilizing optical methods [e.g., fluorescence,
luminescence, chemiluminescence, electrochemiluminescence (ECL)
and spectrophotometry]. Moreover, it emphasizes figures of merits
and most recent materials used in analysis of neurotransmitters.

Numerousmethods based on separation-detectionmethods (e.g.,
GC, HPLC and CE, electrochemical and flow-injection-basedmethods)
were applied to determine neurotransmitters in various biological
environments (Table 2). Although separation-basedmethods can offer
good selectivity and low limits of detection (LODs), they often are
costly, require sophisticated equipment, are time consuming and
need complex pre-treatment steps. Also, various electrochemical-
basedmethods are very sensitive but their repeatability is poor, while
spectroscopic methods are very cheap and rapid and their repeat-
ability is better than electrochemical methods. Also, the sensitivity
of most spectroscopic methods is better or comparable with sep-
aration and electrochemical-based methods. In the following, there

are examples of advanced materials for optical sensing and
biosensing of neurotransmitters.

2. Optical sensors and biosensors

2.1. Quantum dots

Quantum dots (QDs), with sizes in the range 2–10 nm, are prom-
isingmaterials for sensitive, precise determinations in biologicmedia.
QDs possess some unique properties (e.g., broad absorption peaks,
high-emission quantum yields, narrow and symmetric emission
peaks and good chemical and optical stabilities, and their surfaces
can be changed to enhance quantum yields).

Mu and co-workers developed a florescence-based method for
detection of DA by applying CdSe/ZnS QDs that stabilized with ad-
enosine (Fig. 1). The QDs and DA were connected by nucleotides
containing various amino and hydroxyl groups, offering the possi-
bility to interact with DA via non-covalent bonds (e.g., hydrogen
bonding and electrostatic interactions). Importantly, adenosine had
a negligible effect on the emission profiles and the morphology of
the oil-soluble QDs and provided a very stable signal for 24 h in
phosphate-buffer solution (PBS) at pH 7.4. DA could be oxidized by
ambient O2 to give dopamine–quinone. The oxidized form of DA
acted as an electron acceptor for QDs whose non-radiative emis-
sion led to the fluorescence quenching. The DA-QD-based

Table 1

Normal concentration of neurotransmitters in biofluids

Neurotransmitter Medium Concentration range Ref.

ACh Blood 8.66 ± 1.02 nM [6]
DA Plasma 0.04–4.50 nM [17]
GABA Cerebrospinal fluid 9 ± 5 to 55 ± 27 ng/mL [18]
NEP Plasma 0.45–2.49 nM [19]
EP Plasma 0.02–0.46 nM [19]
5-HT Plasma 101–283 ng/mL [20]
Glutamate Plasma 61 μM [21]

Table 2

Figures of merits of the conventional methods for detection of neurotransmitters

Analysis Method Type of
Analyte

Dynamic range LOD Ref.

Spectrophotometric NEP 1.0–20.0 mg/mL – [22]
EP 0.2–5.0 mg/mL
DA 0.4–4.0 mg/mL

Spectrophotometric 5-HT 0.025–0.5 mM 2.3 μM [23]
Spectrophotometric EP 4.8–800 μM 0.26 μM [24]

NEP 4.8–600 μM 2.46 μM
HPLC–MS NEP 0–4000 ng/mL 9.6 ng/mL [25]

EP 0–63 ng/mL 1.9 ng/mL
DA 0–1000 ng/mL 6.5 ng/mL
5-HT 0–250 ng/mL 0.78 ng/mL

LSVa 5-HT 0.05–10 μM 48 μM [26]
UFLC–MS/MSb GABA 8.0–4000 ng/mL – [27]

Glu 16–8000 ng/mL
NE 4.0–2000 ng/mL
DA 4.0–2000 ng/mL
5-HT 4.0–2000 ng/mL

UHPLC-MS/MSc DA 5–1000 ng/mL 2 ng/mL [28]
5-HT 5–1000 ng/mL 2 ng/mL
NEP 50–1000 ng/mL 20 ng/mL
EP 20–1000 ng/mL 5 ng/mL
Glu 50–1000 ng/mL 20 ng/mL
GABA 50–1000 ng/mL 20 ng/mL

Amperometry DA 0.5–50 μM 0.07 μM [29]
Amperometry EP 0.5–100 μM 0.07 μM
SWVd DA 0.5–20 μM 0.1 μM
SWV EP 5–100 μM 1 μM
Chemiluminescence EP 0.05–1.0 μg/mL 0.03 μg/mL [30]

NEP 0.1–1.00 μg/mL 0.05 μg/mL
DA 0.1–1.00 μg/mL 0.04 μg/mL

DPVe DA 0.7–5 μM 0.3 μM [31]
5-HT 1–30 μM 50 μM

LC–MS/MSf ACh 1–250 ng/mL 15 pg/mL [32]
HPLC ACh 10–1000 pmol 3 pmol [33]
MALDI-TOF MSg ACh 1–1000 fmol/μL 0.3 fmol/μL [34]

a Linear sweep voltammetry.
b Ultra-fast liquid chromatography/tandem mass spectrometry.
c Ultrahigh performance liquid chromatography–tandem mass spectrometry.
d Square wave voltammetry.
e Differential pulse voltammetry.
f Liquid chromatography–mass spectrometry.
g Matrix-assisted laser desorption ionization time-of-flight mass spectrometry.
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fluorescence probe showed an LOD of 29.3 nM for DA detection. In
100-fold higher concentrations of coexistent biomaterials [e.g., amino
acid, ascorbic acid (AA), uric acid (UA) and glucide], DA was deter-
mined with quantitative recoveries 94.8–103.4% [35].

To decrease the toxicity of QDs, CuInS2 ternary QDs were used
instead of Cd-containing QDs capped by mercaptopropionic acid.
For surface activation, 3-aminophenyl boronic acid molecules were
used. The functionalized-CuInS2 QDs containing boronic-acid func-
tional groups were reactive towards vicinal diols to form five or six
member cyclic esters in an alkaline aqueous solution. Their actions
with fluorescent funcutionalized-CuInS2 QDs caused fluorescence
quenching, which could be used as a fluorescent probe for the de-
termination of DA.

The modified funcutionalized-CuInS2 QDs have their own special
property [i.e., near-infrared region (NIR) emission wavelength at
736 nm that enables it to get rid of some interferences at lowerwave-
lengths] [36]. These properties are aided by the addition of boronic
acid to the raw QDs in changing the emission wavelengths from the
original 660 nm to 736 nm. Unlike Cd-based QDs, these QDs have
low toxicity for living cells. The stability of the emission light of 3min
can be regarded as the drawback of this method. Also, it seems that
the selectivity of this probe is poor due to its sensitivity to the other
vicinal diols found in catechol (CA), pyrogallol and gallate [37]. The
LOD (3δ/s) for DA was calculated to be 0.2 μmol/L. The linear cor-
relation between quenched fluorescence and the concentration of
DA was in the range 0.5–40 μmol/L in human-serum samples.

To providemore biocompatible sensors, silica was used as amodi-
fying agent using its silanol (-SiOH) groups. Also, it effectively
stabilizes the QDs in organic and aqueous media. DA can act as an
electron acceptor and, at high pH values, its DA-quinone form can
bond to QDs by the silanol groups of the QDs and the +H3N− group
of DA-quinone. As mentioned above, the interaction between QDs

and the oxidized form of DA leads to quenching of the fluores-
cence intensity. The method was applied to the determination of
DA-spiked human-serum samples in the range 0.0005–0.1mM (LOD,
2.41 × 10−4 mM), with acceptable recovery values [38].

A combination of CdTe QDs and enzyme was applied as a bio-
sensor of DA in spiked plasma and pharmaceutical samples with
an LOD of 0.16 mM. In this study, thioglycolic acid (TGA) was
used as a capping agent and the enzyme system of laccase (Lac) cata-
lyzed the oxidation of DA to DA-O-quinone (DOQ), which could
selectively quench the strong luminescence of CdTe nanocrystals
at neutral pH [39]. At lower and higher pH values, the enzyme ac-
tivity diminished considerably, also, at very low and high pH values,
due to the removal of the TGA from the surface of QDs, lumines-
cence intensity decreased remarkably. As an advantage of Lac system,
unlike other enzyme systems, Lac does not require any oxidizing
agents that are needed in other similar methods (e.g., H2O2 in the
peroxidase/H2O2 system). The optimum incubation time of 2 min
provided a very fastmethod for DA analysis in the range 0.3–100mM.

Chen and co-workers exploited a QD-enzyme combination as
promising for biosensing of choline and ACh. The fluorescence in-
tensity of the CdTe QDs is diminished by H2O2 as a product of the
reaction of ACh with acetyl cholinesterase (AChE) to form choline.
With application of this method, choline and ACh were analyzed
inmilk and serumwith recoveries about 99%. The LOD of themethod
for ACh was found to be 10 μM and the linear range was
10–5000 μM. The method is selective to ACh in the presence of
glucose, L-lactic acid and ascorbic acid (AA) [40].

Hierarchical-based structures are micro-sized (100 nm) systems
that, because of their unique structure-induced optical, electrical,
and surface properties, are used in many fields (e.g., photoelectric
devices, drug delivery, sensors, filters, coatings, and chemical ca-
talysis) [41]. Sun et al. employed hierarchically-sensitized CdS

Fig. 1. Fabrication of adenosine-QDs probe and the working principle for the detection of DA.
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aggregates for determination of DA with an LOD of 1.0 × 10−8 M.
Quenching of the PL emissions of CdS by DA was expected via the
non-radiative pathways aided by the oxidized form of DA. An ad-
vantage of these materials is that the quenched fluorescence is
located at NIR of 700 nm that is somewhat free from possible in-
terferences [36,42].

Fig. 2 shows a competitive mechanism of sensing of DA and sugar
similar to the reported method by Liu et al. [37]. In this study, the
glutathione (GSH)-capped CdSe/ZnS QDs were applied to sensing.
With addition of 3-aminophenyl boronic acid to the capped QDs, a
synthesized probewas sensitized to the vicinal diols that can be found
in saccharides and DA. In presence of each other, competitive binding
to the CdSe/ZnS QDs proceeded and competition resulted in higher
intensities of luminescence. ATTO-590 was used as an acceptor dye
to yield the fluorophore-labeled analyte. At 620 nm, upon addition
of analyte, the fluorescence of the dye decreased, and the lumines-
cence of the GSH-capped CdSe/ZnS QDs at 570 nm increased,
confirming the dynamic exchange of the capping layer with analyte.
The reaction time was 30min for saccharides and DA, and can be re-
garded as a disadvantage of the reportedmethod. Because the probe
can detect other vicinal diols, the selectivity of this material is low
[43]. The LOD of the method for determination of DA was reported
as 1 × 10−6 M.

Shi et al. used an indium-tin oxide (ITO) paper-based platform
for recognition of DA. CdS-QD properties were improved by carbon
tapes, which were applied to quantify the concentration of DA in
the range 0.001–10 mM [44]. The ECL sensor emitted as a result of
the reaction between H2O2 and QDs.

Yu et al. dispersed carbon nanotubes (CNTs) into chitosan solu-
tion and then CdTe QDs were added to the mixture. The prepared
nanocomposite was cast onto the surface of ITO glass and dried using
an IR lamp. Emissions of IR improved the stability of the elec-
trode, which could be attributed to the wettability of the cast
electrode; also, it improved the morphological characteristics of the
layer. In presence of TEA (coreactant), the nanocomposite becomes
fluorescent where, by addition of DA, fluorescence intensity

decreased in the range 0.05–10 nM (LOD 24 pM). The stability of
the ECL sensor was very good with an RSD of 0.34% for seven mea-
surements. In addition, the ECL intensity was somewhat constant
after 30 days [45]. Fig. 3 illustrates the mechanism of action of the
ECL DA sensor.

Similar work was done by Zhang and co-workers to construct
a stepped chemical reaction-based biosensor for analysis of DA in
cerebrospinal fluids. After attaching CNTs on the glassy carbon
electrode (GCE), boronic acid-functionalized pyrene, DA and
3,3′-dithiodipropionic acid di(N-hydroxysuccinimide ester) (DSP)-
functionalized CdTe QDs were added. In the presence of O2 as
coreactant, the CNT/DSP-QD/GCE response was proportional to the
concentration of DA in the range 0.05–10 nM (LOD, 26 pM). The se-
lectivity of the probewas good and, in presence of possible coexistent
materials (e.g., catechols), the analysis of DA can be done without
any obvious interference. Despite selectivity and precision being fa-
vorable, the electrode-preparation steps are very sophisticated and
the incubation time is very long [46].

In another ECL-based method, Cui and co-workers assayed DA
in a drug formulation at NIR region of 695 nm. The water-soluble
Ag2Se QDs were immobilized onto the GCE by applying multi-
walled CNTs (MWCNTs) and polyethyleneimine (PEI). The intensity
of the fluorescent probe (S2O8

2− as coreactant) was decreased by
adding DA to the medium. The decrease in luminescence of the
electrode was linear in the range 0.5–19 μM, and obeyed the
fluorescence-quenching principle described by the Stern–Volmer
equation. The reported LOD was 0.1 μM, which was not very favor-
able compared with other reported ECL methods, but its
determination in the NIR region is very important due to low pos-
sible interference of coexisting materials [36]. Due to the good water
solubility and NIR fluorescent emission, this material could be a
promising candidate for ECL biosensors, but, as mentioned, the LOD
needs to be improved [47].

Bao et al. [48] applied CdSe/ZnS QDs on the GCE for recogni-
tion of DA. At optimum conditions, based on the Stern-Volmer
equation, fluorescence decreased linearly from 0.1 μM to 20 μM. In

Fig. 2. Competitive detection of dopamine or sugar using ATTO-590 as fluorophore.
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addition, in a similar work by Liu et al. [49] using dual-stabilizer-
capped CdSe QDs, DA was detected in drug formulation, human
urine, and cerebrospinal fluid samples without any interference from
uric acid (UA) and AA. The linear range and LOD were 0.01–
3.0 μM and 3.0 nM, respectively. The proposed mechanism of both
methods followed the coreactant pathway applying S2O8

2− as
coreactant.

Wang et al. used ZnSe-ferritin nanodot arrays for biosensing GABA
by accompanying its conjugation reaction with carboxyl groups of
ferritin (Fig. 4). This reaction was done on the 2D-Si substrate with
ZnSe-ferritin at pH 7.5 of PBS buffer. After addition of GABA to the

substrate solution and incubation for 2 h, the fluorescence inten-
sity increased in proportion to the GABA concentration at 408 nm.
The enhanced fluorescence is linear over the concentration range
of GABA of 0.03–0.18 μM. Also, the selectivity of the biosensor was
tested in presence of Glu as the physiological precursor of GABA,
and the results revealed that there was no obvious effect on the
fluorescence intensity of GABA from Glu but, at equimolar concen-
trations, a negligible decrease was observed [50].

Dendrimers are a new class of polymeric materials with regular,
highly branched three-dimensional and nanoscale polymeric ar-
chitectures with a very high density of surface functional groups.

Fig. 3. Mechanism of the DA ECL sensor.

Fig. 4. GABA attached to the ZnSe-ferritin nanodots on modified silicon surface.
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Moreover, dendrimers possess unique properties (e.g., high density
of active groups, good structural homogeneity, intense internal po-
rosity, and good biocompatibility). Using the superior properties of
dendrimers, Sun et al. applied polyamidoamine (PAMAM) as capping
ligand for synthesis of CdS QDs, in which PAMAM not only stabi-
lized the CdS QDs but also provided some reactive functional groups
for further modifications. In their work, after coating the Au disk
with AuNPs, CdS QD/PAMAMwas coated on the electrode. With ad-
dition of S2O8

2− (coreactant), the ECL response of the probe was
enhanced dramatically. The constructed electrode was applied for
determination of DA in urine with dynamic range of 0.05–10 μM
and an LOD of 0.012 μM [51]. The reproducibility of the ECL-
based sensor was estimated by two measurements with relative
standard deviation of 8.6%.

Toxicity of QDs has limited their uses for living cells. Their tox-
icity depends on multiple factors derived from both inherent
physicochemical properties and environmental conditions – QD size,
charge, concentration, outer coating bioactivity (capping material
and functional groups), and oxidative, photolytic, and mechanical
stabilities [52]. Leaching and biodegradation of QDs as a result of
mechanical instability release heavy metals to the environment.
Coating the outer layer of QDs with epitaxial biocompatible shells
(e.g., silica) can increase biocompatibility and reduce leaching of the
toxic metal ions from the metalloid core. Also polymers with ex-
cellent biocompatibility and low toxicity are successfully and widely
employed to modify the surface of QDs and engineer biocompatible
QDs for medical and biological applications [53].

2.2. Carbon dots and carbon nanoparticles

Carbon nanodots (CDs) with sizes below 10 nm have attracted
attention because of their strong fluorescence, high aqueous solu-
bility, robust chemical inertness, easy functionalization, high
resistance to photo bleaching, low toxicity and good biocompat-
ibility [54–56]. We summarize some examples of applications of CDs
and carbon nanoparticles (CNPs) in sensing and biosensing of neu-
rotransmitters as follows.

Water-soluble CNPs have excellent photostability and broad-
ranging emission spectra. Qu et al. synthesized CNPs from DA with
a hydrothermal method and then applied them to determination
of Fe3+ and DA. By adding DA into the CNP/Fe3+ solution at pH 7.0,
the fluorescence intensity of the probe increased with concentra-
tion of DA (Fig. 5). Unlike some QDs, due to CNPs being non-toxic,
these are promising materials for screening of DA in living cells [57].

By employing CNP/Fe3+, DAwas analyzed in urine and serum samples
with an LOD of 68 nM and linear dynamic range of 0.1–10 μM.

Combinations of MIPs and CDs were used for detection of DA
in human spiked urine samples. With application of MIPs, some
problems of synthesized CDs (e.g., leaching and permeation) are re-
solved. Also, their photoluminescence properties are modified by
silica-MIPs. The fluorescence intensity of the highly-luminescent
CDs@MIP decreased sensitively in the presence of DA molecules.
The MIP matrix provided specific binding sites that interacted with
the template molecule of DA via non-covalent interactions of hy-
drogen bonds and van derWaal forces. In contrast with the synthesis
of the MIP/QDs, CDs@MIP is synthesized in a one-step reaction.
Another advantage of this method is that synthesized CDs@MIP is
eco-friendly and is non-toxic [58]. The relative FL intensity of CDs@
MIP decreased linearly with increasing DA in the concentration range
25–500 nM with an LOD of 1.7 nM. The spiked urine samples were
determined with recoveries of 97.9–102.3%.

2.3. Reduced graphene oxide and graphene oxide

Graphene oxide (GO) is heavily oxygenated, bearing epoxide and
hydroxyl functional groups on their basal planes, in addition to car-
bonyl and carboxyl groups located at the sheet edge, which makes
GO a strongly hydrophilic and water-soluble compound. In recent
years, GO was one of the materials selected for sensing [59] and
biosensing [60,61].

The high fluorescence of GO in acidic solutions makes it an ap-
propriate probe for determining a quenching agent (e.g., DA). Because
of the non-covalent interaction between DA and GO, the fluores-
cence intensity of GO is reduced by adding DA. Selectivity of the
NIR-based sensor is more than 15-fold for, e.g., 25 amino acids,
sugars, amines, and alcohol [62]. It should be noted that the NIR
PL emission of GO is useful for in vivo bionanotechnology because
of the transparency of body tissues in the NIR ‘water window’ [63];
also, the NIR region is somewhat free of some possible interfer-
ences [36].

By a combination of reduced graphene oxide (rGO) and AuNPs
in an rGO/MWCNT/AuNP/GCE electrode, DA was analyzed in injec-
tion, serum and urine samples. Upon addition of DA, the
luminescence is increased with an LOD (S/N = 3) of 0.067 μM. As
reported, the selectivity of the electrode is suitable for detection of
DA in the presence of UA, AA, tyrosine, Na+, K+, Mg2+, Ca2+, Cl− or SO4

2−

at concentrations of 10 times greater than DA, but EP, NEP, and thy-
roxine have remarkable fluorescence [64].

Fig. 5. Mechanism of Fe3+ and DA detection by fluorescent carbon nanoparticles.
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In another work, rGO was used to improve the electrical con-
ductivity of Nafion and tris(2,2′-bipyridyl)ruthenium(II) (Ru(bpy)32+)
nanowires (RuNWs). An ECL sensor was constructed by immobi-
lizing RuNWs onto a GCE with an rGO-Nafion composite [65].

In another work, C-dots were synthesized and deposited on rGO
sheets. The highly stable CDs@rGO is a photoluminescent materi-
al and its fluorescence decreases with addition of ACh. Initially, ACh
was subjected to AChE to produce choline then it was affected by
choline oxidase (Chox) enzyme to create H2O2 and betaine. Subse-
quently, reactive oxygen species (ROS) was generated at 37°C to
inducemore effective fluorescence quenching. The proposed enzyme-
based method was applied for detection of ACh in plasma and blood
samples [66]. The constructed probe was selective over some pos-
sible interferences, including DA, 5-HT, Glu, GABA, glycine, and Asp,
whose concentrations are 10-fold greater than the concentration
of ACh. The probe possesses some advantages, such as non-toxicity,
good stability and selectivity, and has a low LOD. Fig. 6 displays the
detection of ACh using photoluminescent CDs@rGO at pH 9.0.

2.4. Nanoclusters

Nanoclusters (NCs) are materials with sizes ranging between
atoms and NPs (about less than 2 nm), which can replace organic
dyes and QDs [67]. Bovine serum albumin (BSA)-stabilized AuNCs
were utilized for assay of DA in injections, human serum and PC12
samples with recoveries of 98.0–102.0%. Upon addition of DA to the
BSA-AuNCs, a remarkable decrease in fluorescence intensity oc-
curred at 615 nm. The quenched fluorescence followed the photo-
induced electron-transfer mechanism from DA to BSA-AuNCs.
Also, with application of this platform along with 3,3′,5,5′-
tetramethylbenzidine (TMB) and H2O2, the spectrophotometric
determination of DA was also assayed at 652 nm. The linear range
and LOD for both fluorimetric and spectrophotometric methods were
10 nM–1mM, and 10 nM, respectively. To investigate the selectivity

of the system, possible foreign substances [e.g., AA, UA, 3,4-
dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), metal
ions (Na+ and K+), glucide, and amino acids] were tested and results
showed favorable selectivity for DA [68].

Liu et al. reported an ECLmethod employing themodified ITO elec-
trode with AgNCs immobilized by 3-aminopropyl-triethoxysilane
(APTES) and glutaric dialdehyde (GD). Based on formation of the
AgNCs@APTES-GD-ITO/DA complex and charge transfer between DA
and ITO (coreactant mechanism), the fluorescence intensity in-
creased dramatically. The increased fluorescence intensity was
proportional to DA concentration in the range 8.3 × 10−9–
8.3 × 10−7 mol/L and the LOD was 9.2 × 10−10 mol/L at a signal/noise
ratio of 3. Using this electrode system in PBS buffer and S2O8

2−, DA
was determined in human serumwith recoveries of 97.6–101.0% [69].

Interestingly, Li et al. utilized the NCs of Au (Au25) on the ITO elec-
trode for ECL determination of DA in the presence of S2O8

2− as
coreactant. With addition of DA to the PBS buffer at pH 7, the ECL
response of the electrode increased dramatically from 2.5 μM to
47.5 μM. Besides the low toxicity of this electrode, excellent sta-
bility, good water solubility and acceptable selectivity over UA and
AA, the method was not sensitive enough to analyze low concen-
trations of DA. Unlike QD-based ECL methods, in NC-based ECL
methods with addition of DA, the ECL response was enhanced sig-
nificantly. Fig. 7 shows the ECL mechanism of AuNCs [70].

2.5. Nanowires

Nanowires (NWs) as novel materials are sensitive platforms for
realizing single-molecule detection with superior sensing perfor-
mance. The high surface area-to-volume ratio and the controlled
chemical binding make NWs suitable for biosensing {e.g., DNA
[71,72], ATP [73], and cholesterol [74]}. Zinc–salophen (ZnSa) is a
one-dimensional organic nanostructure, and, alongwith AgNPs, ZnSA
was applied by Chen et al. for analysis of DA in aqueous solution.

Fig. 6. The detection of ACh by use of photoluminescent C-dots@rGO.
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As Fig. 8 shows, under UV irradiation, in the absence of DA mol-
ecules, all hybrids remained in their original states and displayed
a single emission peak at 523 nm, which is the emission peak of
ZnSa aggregates. DA acted as a strong donor that could be coordi-
nated and disrupted the surficial aggregated state of NWs, resulting
in deaggregation and subsequently release of ZnSa free mol-
ecules. Based on this approach, upon addition of DA, another
emission band was readily observed at 412 nm, which is just the
emission peak of the ZnSa freemolecule. Emission in 412 nm is linear
over the concentrations of DA of 0–300 nM with an LOD of 3 nM.
In contrast with the most reported works, with addition of DA to
the hybrid, the fluorescence intensity of the hybrid increased and
that can be regarded as an advantage of this method. Because, com-
pared with quenching-based methods, fluorescence-increment
methods make it easy to measure low concentrations [75]. The long-
term stability of this hybrid can be considered an advantage of this
method. Also, due to coordination of DA and ZnSa by –NH2 and –OH
groups of DA, it is possible to coordinate with coexisting analytes
(e.g., 5-HT) [76].

2.6. Nanoparticles

2.6.1. Gold nanoparticles (AuNPs)

Due to simplicity, high extinction coefficient and strongly
distance-based optical properties, AuNPs [77] are suitable materi-
als for colorimetric detection; moreover, by employing AuNPs, one
can directly detect analytes by monitoring the color change, using
UV–vis spectroscopy, or even the naked eye.

Colorimetric detection of DA based on the interaction between
adsorbed Cu2+ ions on the surface of AuNPs and functional groups
of DA was presented by Su et al. with an LOD of 2 × 10−7 M. Elec-
trostatic adhesion interaction between Cu2+ ions with amino group
and hydroxyl groups of the DA adsorbed onto the surface of AuNPs
causes aggregation of AuNPs, resulting in color change of the so-
lution from wine red to blue. The decreased absorbance showed a
linear trend over DA concentrations of 5 × 10−7 M–1 × 10−5 M [78].
In a similar work, the LOD was improved to 30 nM with repeat-
ability of 2.7%. The calibration curve was linear in two ranges of
concentration 3.3 × 10−8–1.0 × 10−7M and 3.0 × 10−7–4.5 × 10−6M. The
selectivity of the method is good, as checked using AA as interfer-
ing agent [79].

4-Amino-3-hydrazino-5-mercapto-1,2,4-triazol (AHMT)-
functionalized AuNPs (AHMP-AuNPs) were used as a model probe
for DA analysis. DA increased the absorbance of the probe by acting
as a “molecular bridge” between the AHMT-AuNPs and aggregat-
ing the AHMP-AuNPs with hydrogen-bond formation (Fig. 9). The
method is very simple and cheap but the probe is somewhat sen-
sitive to EP, and that can be regarded as a disadvantage of themethod
[80]. This method was applied successfully for assay of DA in urine
and serum samples in the range 0.20–1.10 μM (LOD, 0.07 μM) with
recoveries of 104.6–108.9%.

Zheng et al. used DA-binding aptamer (DBA) instead of AHMP,
as DBA can specifically bind to DA to create a selective recognition
biosensor for detection of DA in the presence of possible coexist-
ing analytes [e.g., 3,4-dihydroxyphenylalanine (DOPA), CA, DOPAC,
HVA, EP and AA]. The citrate-stabilized AuNPs, whose repulsion of
anions of citrate prevents the AuNPs from aggregating, lose their
stability by adding DA and subsequent formation of DA-binding-
aptamer. In the presence of high concentrations of salt (e.g., NaCl)
upon addition of DA, the AuNPs change to aggregate form. NaCl
would neutralize the negative charge of citrate and lead to the AuNP
aggregation. The specific selectivity of the probe arises from the use
of DBA, which provides a specific, rigid, framework-like structure.
After adding DA, DBA-AuNPs change to aggregate and turn blue. The

Fig. 7. Mechanism of ECL-DA sensor with applying AuNCs.

Fig. 8. Zinc–salophen (ZnSa) complex nanowire (NW)–AgNPs 1D hybrid nanostructure for the highly-enhanced fluorescence detection of DA.
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dynamic range and LOD are 0.54–5.4 μM and 0.36 μM, respective-
ly [81].

In another work, a novel material of magnetic Fe3O4 particles in
combination with dithiobis(sulfosuccinimidylpropionate)-modified
AuNPs (DTSSP-AuNPs) was used to create a sandwich-type biosen-
sor for assay of DA at pH 7.2 and room temperature. First, DA
molecules were assembled onto the surface of DTSSP-AuNPs via the
amine-coupling reaction between the amino group of DA and the
activated carboxyl group of DTSSP. Accordingly, DA-DTSSP-AuNPs
can be separated from solution by Fe3O4 magnetic particles in the
presence of an external magnetic field through the interaction of
catechol and iron, resulting in a decrease in the color of the DTSSP-
AuNPs suspension and a decrease in the UV/Vis absorbance. The
decreased absorbance of the probe is linear in the range 0.02–
0.80 μM (LOD, 10 nM). Considering that amine-reactive succinimidyl
residues on the surfaces of AuNPs can react selectively with the
primary amine group of DA, the selectivity of the probe is en-
hanced in the presence of other catechols and amino acids [82].

Kong et al. [83] described a method based on double molecu-
lar recognition for cerebral concentration of DA in rats with an LOD
of 0.5 nM. Upon adding DA to the solution containing DTSSP-
AuNPs and MBA-AuNPs, a double molecular probe was formed as
AuNPs-DTSSP-DA-MBA-AuNPs, and resulted in aggregation of AuNPs.
The color of the aggregated AuNPs changed from red to blue, which
could be well explained by the DA-induced aggregation of the MBA-
DSP-AuNPs through double molecular recognition. Under optimized
conditions, a good linear relationship can be found between the

absorbance ratio of A650/A519 and the concentration of the DA added
in the range 5–180 nM.

Unlike other AuNP-based colorimetric detections, Lee et al. de-
veloped a very sensitive method based on the etching effect of
alkanethiol molecules, which resulted in decreased AuNP size and
subsequently a blue shift in the absorption spectra [84]. The results
showed that the proposed method achieved an LOD and a dynamic
range of 0.5 nM and 10–100 nM, respectively. To check the selec-
tivity of methods, some coexisting materials [e.g., AA, homovanillic
acid (HVA), and glutathione (GSH)] were used. Results showed that
there are no remarkable effects from possible coexisting materials
upon DA detection.

Also, Liu and co-workers [85] reported on a non-aggregating colo-
rimetric sensor based on the effect of DA on the AuNR–Ag+ system
to produce Au-core-Ag-shell NRs (Au@AgNRs). Under pH 9.5, when
DA is added to the system, the absorbance changed in proportion
to the concentration of the DA because of the redox reaction of DA
and Ag+ in AuNRs–Ag+ systems. The dynamic range and the limit
of quantification (LOQ) of themethodwere 0.20–12 μM and 0.16 μM,
respectively. The proposed sensors with an LOD of 0.047 μM could
be used for analysis of DA in biological samples with recovery of
98.0–104.0%. The selectivity of the approachwas checked usingmany
coexisting materials (K+, Na+, Cl−, Ca2+, AA, citric acid, cysteine, Asp,
Glu, lysine and glucose) with an absolute relative error of lower than
4.6%.

SERS (Surface-enhanced Raman spectroscopy), the increase of
Raman scattering by confined electromagnetic fields, possessesmany

Fig. 9. Colorimetric detection of DA using AHMT-AuNPs as aprobe.
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desirable characteristics as a tool for in vivo chemical sensing of bi-
ological species, including high specificity, attomole to high
zeptomole mass sensitivity and micromolar to picomolar concen-
tration sensitivity [86]. Moreover, due to the narrow bandwidth of
SERS spectra, the detection of analyte can be done without any spec-
tral interference. In addition, SERS is very sensitive to minor changes
in the structure and the orientation of the molecules. These char-
acteristics, coupled with weak Raman scattering of water, make SERS
an ideal technique for analyzing complex biological samples that
require little or no sample preparation. Importantly, SERS is achieved
using a wide range of excitation frequencies so it can select less en-
ergetic excitation (NIR to red) in order to decrease background auto-
fluorescence and photo damage. However, application of SERS in
neurotransmitter sensing is very limited and is still at the primary
stage of its application [87]. There may be some drawbacks (e.g.,
the small number of commercially-available SERS-active sub-
strates, their high costs and the difficulty of the interpreting the SERS
spectra) that are possible reasons for the limited applications of SERS
in neurotransmitter sensing.

More recently, application of the SERS in determination of DA
was demonstrated by Lim et al. [88]. In their project, the Raman
signal of DA was enhanced by a chitosan-Au nanocomposite an-
chored on the optical fiber. At first, the surface of the optical fiber
functionalized by APTMS and glutaraldehyde ligands and then
chitosan NPs were anchored on the surface of the optical fiber. After
deposition of AuNPs on the chitosan NPs, the fiber was used as a
SERS probe to detect DA in aqueous solution. Amplified Raman
signals of DA at 1348 cm−1 were proportional in the range 1–10mM.
According to an earlier work of the group [89], chitosan-gold
nanoshells were used instead of chitosan-gold nanocomposite an-
chored on the optical fiber for assay of DA with the same dynamic
range at 1382 cm−1. As shown, these methods suffer from low de-
tectability and the probe-preparation steps are complicated.

In research by Choi’s group, the possibility of multi-block NRs
of Au and Ag for analysis of DA was tested. Initially, the surface of
the NRs was modified with monoclonal antibody against DA to sen-
sitize and to specialize the surfaces of NRs.When DAmolecules were
added to NRs, a red-shift was observed with the magnitude of the

peak-shifting (Δλ) and regarded as biosensing signal of localized
surface plasmon resonance (LSPR) [90].

In another study conducted by Dutta et al., electropolymerized
MIPs on an Au electrode were used for analysis of DA. For this,
p-aminostyrene (PAS) as monomer, N,N′-methylene bisacrylamide
as cross linker and DA as template were combined as a MIP-SPR
sensor for detection of DA. At first, the electropolymerized MIP
formed on the surface of the Au transducer, then the SPR signal (re-
flectivity) was measured at a given angle. With an increase in DA
concentration, reflectivity increased linearly. The sensor was sen-
sitive to DA concentration down to 1 × 10−12 Mwith a response time
of about 18 min [91]. The selectivity of probe was tested with ty-
ramine, EP, DOPAC and catechol as coexisting agents in which
interference ratios (SPR interference/SPR DA) of 0.09, 0.18, 0.15 and
0.14, respectively, were obtained.

Interestingly, semi-transparent continuous thin Au films were
applied by Vaish et al. for sensing of 5-HT. In their research, ini-
tially, the surface of the Au filmwas functionalized by oligo (ethylene
glycol) and then 5-HT covalently bound to the self-assembledmono-
layers (SAMs). Terminal carboxyl groups in the SAMs facilitated
the formation of an amide bond between the 5-HT primary amine
and the carboxyl groups on SAMs. Substrates were incubated
with anti-serotonin primary antibodies and fluorescently-labeled
secondary antibodies. The selectivity of 5-HT-functionalized-
surface immunosensor was checked in presence of fibronectin,
fibrinogen, and BSA, and showed that fibronectin and fibrinogen
had no obvious effect on the fluorescence intensity, but, in the pres-
ence of BSA, the intensity of fluorescence was decreased about 10%
[92].

Wang et al. reported an enzyme-based method for analysis of
ACh with an LOD of 0.21 nM. Briefly, Ag+ ions were attached on the
surface of AuNPs by using ATP and PEG. The produced H2O2 reacted
with non-fluorescent Amplex Ultra Red to form a fluorescent probe
in the presence of bimetallic NPs. Fig. 10 shows the mechanism of
the ACh biosensor. Results revealed that, in the presence of DA, 5-HT,
Glu, GABA, glycine, and Asp, the probe is highly selective toward
ACh, mainly due to the high specificity of AChE and Chox toward
ACh and choline, respectively. By employing this probe, the amount

Fig. 10. The sensing strategy of the fluorescent assay using Au/AgNPs to detect ACh.
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of ACh was assayed in serum and blood samples in the range of
1–100 nM [93].

2.6.2. Silver nanoparticles (AgNPs)

Due to the low stability of AgNPs, compared to AuNPs, AgNPs
are less utilized for colorimetric detection, despite the AgNPs pos-
sessing much higher extinction coefficients than AuNPs of the same
size, so stabilized AgNPs can be more versatile than AuNPs. Lin et al.
[94] used citrate for stabilizing AgNPs where the stability of AgNPs
was caused by the Coulombic repulsive force between the citrate
anions.

Fig. 11 depicts the sensing method to analyze DA through the
aggregation of AgNPs. Initially, in absence of DA, AgNPs are well dis-
persed and yellow colored; upon addition of DA, an orange-
colored aggregation appears and is attributable to the van derWaals
attraction being stronger than electrostatic repulsion between
negatively-charged AgNPs. The characteristic peak of AgNPs is located
in 392 nm. When DA is added to the mixture, the absorbance de-
creased and shifted to longer wavelengths. The decreased absorbance
shows a linear trend in the range 0–0.6 μM (LOD = 60 nM). The ex-
cellent selectivity over the UA and AA is mainly attributed to high-
affinity binding between DA and AgNPs via Ag–catechol bonds.

Biswal et al. used a gamma-radiolysis method for synthesis and
stabilization of PMA-AgNPs with a simple method that can be done
in situ. The anionic ions of the deprotonated PMA not only stabi-
lize the AgNPs but also adsorb the free Ag+ ions on the surface of
AgNPs. The adsorbed Ag+ can subsequently be easily reduced by
adding DA, resulting in enhanced absorption at 450 nm. Results
showed the response changed linearly with concentration of DA in
the range 5.27 × 10−7–1.58 × 10−5 Mwith an LOD of 5.27 × 10−7 M. As
disadvantages of the method, the selectivity did not test com-
pletely and the incubation time for equilibrating of reaction between
DA and AgNPs was very high (5 h) [95].

In another work by the Hormozi Nezhad group, the reducing
effect of DA was used to synthesize PVP-stabilized AgNPs for
spectrophotometry-based sensing of DA, L-DOPA and EP [96]. Also,
the group reported simultaneous detection of DA and AA in human
serum based on reduction of Ag+ by DA and AA in the presence of
PVP as stabilizer. The SPR changes at 440 nmwere recorded and ana-
lyzed by three-layered feed-forward artificial neural networks to
determine the concentration of each analyte in the mixture [97].
PVP can coordinate with produced H+ and Ag+ to form Ag(PVP)+ and
H(PVP)+ complexes, which increase the stability and the production

rate of AgNPs. The linear range and LOD for DA were reported as
3.2 × 10−6–2.0 × 10−5 M and 8.0 × 10−7 M, respectively.

Kaya and his co-worker [98] used an He-Ne laser source
(632.8 nm) for activation of iron-nitrilotriacetic acid-attached AgNP
[AgNPs-Fe(NTA)]. While the silver core is necessary for enhancing
the signal, the Fe(NTA) is used as a trapping agent of DA, whose for-
mation of the ternary complex of NTA-Fe-DA enhances resonance.
The SERS intensity enchantment of the probe was recorded at
1480 cm−1 with a dynamic range and LOD of 0.5 × 10−9–4.0 × 10−9 M
and 6.0 × 10−11 M, respectively. Interference of AA on the probe
showed no obvious effect on the signal of DA, but the effect of other
catechols should be checked (because Fe(III) can complex with them
to form more stable complexes). This method can be recom-
mended as a rapid and sensitive method for assaying DA (10 s).

Also, Lin et al. [99] evaluated DNA-based AgNPs as a promising
material for determination of DA. Initially, DNA-mediated AgNPs
were synthesized by adding Ag+ to ds-DNA in the presence of a
reducer (e.g., NaBH4). The nanostructure is sensitive to DA in the
presence of Genefinder (GF). Because of the high affinity of the cat-
echol to the Ag, upon addition of DA to the solution, the DNA is
released from the structure (Fig. 12), and, subsequently, the reac-
tion of the released DNA molecules with GF resulted in
photoluminescence emission at 525 nm. The luminescence inten-
sity was linear in the range of DA concentrations of 1–200 nMwith
an LOD of 6 nM. The selectivity of this study was good in the pres-
ence of the possible foreign substances (e.g., AA, UA, metal ions,
glucide, and amino acids).

Lanthanide metals, especially Tb3+, are important sensing ma-
terials that provide large Stokes shift, long-time fluorescence
emission and narrow emission bandwidth. These specific physico-
chemical properties of the Tb3+ ion make it useful for determination
of some pharmaceuticals in serum and urine samples [100,101]. In
the presence of AgNPs, Tb3+ was used as a fluorophore for deter-
mination of catechols in urine, serum and drug formulations with
recoveries of 94.5–101.0%. According to unpublished observations
in our laboratory, detection of DA without using AgNPs is impos-
sible due to the instability of the fluorescence originating from
oxidation of DA in a Tris-HCl buffer solution. By adding AgNPs to
the solution of DA, Tb3+ and buffer, oxidation of DA is prevented.
However, the optimum pH value is 9.0, which is far from the bio-
logical pH of around 7.0, so it can be considered a drawback of this
method. Also, the reaction time is long enough for rapid analysis
of DA [102]. Using the method, the linear dynamic ranges for

Fig. 11. The colorimetric detection of DA based on AgNPs aggregation.
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analysis of DA, EP and NEP were 2.4–140 nM, 2.5–110 nM, and
2.8–240 nM with LODs as low as 0.42 nM, 0.25 nM, and 0.64 nM,
respectively.

Although AgNP-based nanomaterials are one of favored mate-
rials for sensing/biosensing of the neurotransmitters, toxicity is the
main problem for in vivo detection. AgNP-coated commercial prod-
ucts can potentially leach AgNPs and Ag+ into the environment.
Compared to bulk-silver metal, AgNPs are expected to have higher
antimicrobial activity due to their high specific surface area, which
releases AgNPs to the environment and can affect the well-being
of non-target organisms. Using eco-friendly procedures to produce
more stable AgNPs against leaching is of great importance in future
studies [103–108].

2.7. Calix(n)arenes

Calix(n)arenes are macromolecular receptors that provide well-
defined conformational–structural properties and cavities that are
fits for given analytes. Calixarenes immobilize on the surface through
aliphatic chains or thiol groups. They have a wide range of appli-
cations in sensing, biosensing, biotechnology, and drug discovery,
as reviewed by Nimsea and his co-worker [109]. Herein, we review
some applications of calixarenes in ACh biosensing.

Korbakov and her associates investigated the possibility of using
trans-4-[4-(dimethylamino)styryl]-1-methylpyridinium
p-toluenesulfonate (D) and water-soluble p-sulfocalix[n]arenes (Cn)
as an artificial receptor for assay of ACh. Upon addition of ACh to
the fluorescent complex of C6D system, because of high affinity to
C6, a substitution reaction occurs between D (chromophore) and Ach,
which results in diminished fluorescence intensity of the probe [110].

The response of the complex (n = 6) is linear in the range 5 × 10−8 M–
5 × 10−4 M with an LOD of 5 × 10−8 M.

Also, Guo and his research associates reported on the host–
guest complexes between Cn (n = 4 to 5) and the cationic aromatic
fluorescent dye lucigenin (LCG) for assay of choline and ACh. Like
the previous work, by adding the ACh to the Cn-LCG complex, LCG
is replaced with the product of the reaction of ACh with AChE to
quench the fluorescence intensity of the Cn-LCG complex. The
dynamic ranges for choline and ACh were reported as 5–30 μM and
5–20 μM, respectively. The selectivity of the host-guest complex was
increased by using enzymatic reactions of Chox and AChE at phys-
iological pH. An advantage of the reported method is that it is
possible to determine choline and ACh, both separately and togeth-
er [111].

In addition, Jin [112] used the complexing ability of calixarenes
with rhodamine 800 (Rh800) and indocyanine green (ICG) for pho-
tometric detection of ACh in aqueous solution with an LOD of
5 × 10−4 M. Production of complex between Rh800 and calixarenes
(S[8]) caused a decrease in the fluorescence intensity of the Rh800.
Upon adding ACh to the Rh800-S[8] complex, the fluorescence in-
tensity of Rh800 in the NIR region increased linearly, with the
fluorescence intensity of the Rh800-S[8] complex being highly sen-
sitive to ACh over DA, GABA, glysine, and L-aspartate. The competitive
displacement between ACh and Rh800 to complex with S[8] caused
the fluorescence intensity of Rh800 to increase in the NIR region.

2.8. Polymers

Conjugated polymers (CPs) are other recent materials used for
recognizing neurotransmitters. The superior amplification and

Fig. 12. Strategy for DA determination using DNA-templated AgNPs.
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quenching properties of CPs enable highly-sensitive detection of
many materials, which arises from the CP backbone.

In research presented by Huang et al., PPESO3 polymers along
with horseradish peroxidase (HRP) and H2O2 were applied for anal-
ysis of DA, EP and NEP in human-serum samples with recoveries
of 96.3–109.8%. Due to the CP backbone, the fluorescence quench-
ing was more effective. Upon adding catecholamine to the H2O2/
HRP system, the oxidized form of catecholamines could quench the
fluorescence of the water-soluble CP PPESO3 with non-radiative
mechanism and the quenched PL intensity ratio (I0/I) was propor-
tional to the concentration of catecholamine in the ranges 5.0 × 10−7–
1.4 × 10−4 for DA, 5.0 × 10−6–5.0 × 10−4 for EP, and 5.0 × 10−6–
5.0 × 10−4 M for NEP. Also, the LODs of the method for DA, EP, and
NEP were 1.4 × 10−7M, 1.0 × 10−6Mand 1.0 × 10−6M, respectively. The
PPESO3–HRP-H2O2 systemwas selective for determination of DA, NEP
and EP over Na+, K+, Cl−, Ca2+, Mg2+, Zn2+, cysteine and glycine.

CPs have some advantages as biosensors (e.g., compared with
QDs, they do not contain lead, cadmium and other heavy metals,
which are harmful to the organism, and CPs provide fluorescence
amplification and super-quenching properties) [113].

5-HTwas detected down to 2 μMusing a charge-transfer complex.
The complex of hyperbranched viologen polymer (HB-1) and 5-HT
was used as acceptor and donor, respectively. The complex forma-
tion was checked by UV and fluorescence, with neither 5-HT nor
HB-1 showing absorption peaks in the range 400–500 nm. Because
of the complex forming, fluorescence intensity at 540 nm and ab-
sorption intensity at 430 nm increased in proportion to the
concentration of 5-HT up to 20 μM. To increase sensitivity,
hyperbranched polymers with high-density viologen units were
applied. To demonstrate the selectivity of the method, 5-HT detec-
tion was carried out in the presence of L-tryptophan. Interestingly,
based on formation of the complex, 5-HT can be simply detected
by observing the color change in the solid film. This solid film-
based method is very simple in practice, and can be used as a strip
sensor for rapid detection of 5-HT [114].

Oztürk et al. [115] constructed reversible fluorescent biosensors
for detection of ACh, based on CPO-I, CPO-II and CPO-III deriva-
tives trapped in a PVC matrix and doped with AChE. Trapped AChE
on the PVC network catalyzed the hydrolysis reaction of ACh to
choline and acetic acid with the changes in the pH value of elec-
trolyte solution being converted to an optical signal by an
immobilized dye. The best results were gained by CPO-I biosensor
whose quenched fluorescence was linear in the range 1.67 × 10−5–
33.22 × 10−5 Mwith an LOD of 1.01 × 10−5 M. Although the probe has
good reproducibility, reversibility and selectivity, the LOD was not
favorable.

2.9. Synthetic proteins

Brun et al. proposed a semi-synthetic fluorescent sensor protein
(Snifit)-based florescent method for analysis of glutamate. Snifit is
a fusion protein consisting of a SNAP tag as synthetic fluorescent
ligand, a CLIP tag as a second synthetic fluorophore, and an

analyte-binding protein. Fig. 13 shows the function of a Snifit. As
shown, the SNAP tag is labeled with a molecule containing a
fluorophore (yellow star) and a ligand (brown ball) that bind to the
receptor protein; CLIP tag is labeled with a second fluorophore
(purple star). In the absence of analyte, the intramolecular ligand
keeps the Snifit in a closed conformation, while, upon adding suf-
ficient concentrations of analyte, the Snifit is shifted toward an open
conformation. Opening and closing of the Snifit are detected through
changes in FRET efficiency between the two fluorophores. In general,
adding analyte to the Snifit system changes the spatial structure or
conformation, and results in a change in FRET efficiency. The com-
petition between free analytes and ligand for binding to the binding
protein can promote emission intensity and can shift the equilib-
rium to the open conformation. Excitation of sensor at 547 nm yields
a glutamate-dependent emission spectrum between 550 nm and
700 nm that can be exploited for ratiometric sensing [116].

Since GABA does not have a chromophore or a fluorophore and
is electrochemically inactive, its detection can be made feasible only
via derivatization, butMasharina et al. reported a FRET-basedmethod
for detecting GABA on the surface of living mammalian cells using
GABA-Snifit as fluorescence sensitive agent. GABA-Snifit contains
GABAB receptor, SNAP tag and CLIP tag, a synthetic fluorophore and
a fluorescent GABAB receptor antagonist. Upon adding GABA to the
sensing system, the probe undergoes conformational changes re-
sulting in change to the fluorescence properties of the probe. By
applying the Snifit-based probe, GABA is tested on the surface of
human embryonic kidney 293 (HEK 239) cells with a dynamic range
of up to 10−4 M [117].

Poliakov et al. proposed an enzyme-based approach for assay of
DA and EP. First, in the presence of enzyme HRP, DA and EP reacted
with H2O2 and then l-thyroxine was added as an amplification agent
to increase the signal of the analyte. The proposedmethodwas linear
for DA and EP over concentration ranges 0.5–300 μM and 4–300 μM,
respectively. Also, the method was applied to selective detection of
catecholamines in pharmaceutical preparations with analysis time
of 15 min with the results checked using HPLC-MS [118]. Also, the
presence of some coexistence materials (e.g., NaCl, sucrose, fruc-
tose, lactose, Na2S2O5 and l-cysteine) did not affect the assay of DA
and EP.

2.10. Mesoporous nanoparticles

Due to excellent characteristics (e.g., large surface area, recy-
clable, eco-friendly and functionalization capability), mesoporous
silica NPs (MSNs) attracted significant attention for sensing [119],
biosensing [120], immunosensing [121] and drug delivery [122]. Yu
et al. utilized β-cyclodextrin to enhance the selectivity of an MSN-
based biosensor. O-phthalichemithioacetal (OPTA) can react with
primary amines to form the fluorescent isoindole product. However,
the prevalent amino acids in biological fluids can also react with
OPTA, so, to improve the selectivity of the probe, β-cyclodextrin was
used. β-cyclodextrin has a unique configuration with a hydro-
philic rim and a hydrophobic cavity, and abundant hydroxyl groups

Fig. 13. Structure of Snifit.
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on the rim, which can form hydrogen bonds or have polar interac-
tion with the hydrophilic moieties of the amines; these interactions
may block some amines, especially those with hydrophilic side
groups, from diffusing into the OPTA-modified surface of the MSN.
Briefly, the surface properties of MSNs improved with OPTA, which
has groups for binding to the primary amines then encapsulated
by β-cyclodextrin to enhance the selectivity (Fig. 14). The fluores-
cence measured at 440 nm is proportional to the concentration of
DA in the range 0.05–20 μM with an LOD of 50 nM (pH 7.4, PBS).
The selectivity was checked in the presence of 20 common amino
acids, and the results showed that histamine and NEP caused great
interference in detection of DA. The method is used for detecting
DA in serum and urine [123].

2.11. Other materials and nanomaterials

Resonance Rayleigh scattering (RRS) has the characteristics of
being simple to perform, low cost, short response time, high sen-
sitivity and convenient. Due to its various beneficial characteristics,
it has been extensively applied to determine, e.g., drugs, proteins,
and nucleic acids [124–126]. With regard to these features of RRS,
Dong et al. utilized zirconium hexacyanoferrate (III) NPs for ana-
lyzing DA in a pharmaceutical preparation using the reducing effect
of DA. By reduction to zirconium hexacyanoferrate (II), the RRS signal
is recorded at 318 nmwith RRS intensity being linear over the range
0.03–1.3 mg/mL with a correlation coefficient of 0.9996 and an LOD
of 0.392 ngmL−1. The measured RRS signal is constant for about 24 h
and the reaction time is 3 min, which is suitable for rapid assay of
DA. Because of the reducing effect of some other catechols, AA and

UA, it seems that the selectivity of the method can be challenged
[127].

Using the method reported by Guo et al. [128], the absorbance
of synthesized Prussian Blue [KFe3[Fe2(CN)6] monitored DA con-
centration in the range 0.05–6.00 μg/mL. Due to the higher apparent
molar coefficient (3.2 × 104 L/mol/cm), the present method is very
sensitive. The method showed good reproducibility of 0.65% (for 11
determinations) and the LODwas 0.045 μg/mL. Themethodwas used
for determination of DA in pharmaceutical preparations, serum, urine
and banana with recoveries of 98.6–101.8%. Also, the method is se-
lective with respect to about 25 coexisting materials (e.g., excipients,
proteins, carbohydrates and mineral ions).

Interestingly, in another work, the reducing effect of DAwas used
to reduce [Fe(CN)6]3− to Fe3[Fe(CN)6]2 to form Prussian Blue NPs. By
this reaction, a significant enhancement of the RRS intensity could
be observed with the enhanced RRS at 350 nm being proportional
to the concentration of DA in the range 0.06–10 μg/mL with LOD
of 3.43 ng/mL [129]. The effects of inorganic ions, saccharides, amino
acids, and proteins on the RRS intensity of DA were investigated at
1.0 μg/mL of DA, results showed that almost all of them have less
than 5% interferences but, with Ca2+, NH4

+, Cl− and CH3COO−, the in-
terference was remarkable.

Das and co-workers [130] reported a chemosensor-basedmethod
for analysis of Glu and Asp. As reported, Co(II) complexed with flu-
orescent ligand of 2-(2-pyridyl)-benzimidazole (PBI) to result in a
weakly fluorescent complex with fluorescent quantum yields of
0.024. Upon addition of Glu and Asp to the solution of the Co(II)
complex, the fluorescent intensity increased proportional to the con-
centration of Glu and Asp up to 200 μM. Due to more stable

Fig. 14. Mechanism of β-cyclodextrin-modified MSN nanoparticles for selective detection of DA.
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complexes of Glu and Asp with PBI, PBI was replaced by Glu and
Asp and resulted in increasing fluorescence intensity. The selectiv-
ity of the method was tested by the effects of more than 15 amino
acids, with no obvious changes in the intensity of Co (II)-Asp or Glu
complexes.

3. Conclusions and future outlook

Chemical analysis of neurotransmitters can provide essential in-
formation about human health. Neurotransmitters play a crucial role
in diagnosis and curing mental disorders, so real-time, accurate de-
tection of their concentrations in various environments is vital.

Herein, we highlighted several recent research breakthroughs
on the materials for spectroscopic sensing and biosensing of

neurotransmitters in biological media and focused on the figures
of merits of the reported research. Surveys of literature showed that
many features of materials from nanomaterial to macromolecules
were developed for recognition in biological environments of serum,
plasma, urine and cerebrospinal fluids.

Nanomaterials improve bimolecular recognition by their large
surface area-to-volume ratio, which increases the concentration of
biomolecules immobilized onto their surface. As a result, NPs afford
an enormous signal increment, related to the high sensitivity of the
methods of detection, setting the basis of ultrasensitive detection.
The chemical and physical properties of NPs, which are easy to syn-
thesize, to functionalize and to apply to many different branches
of sensing, differ from the parent bulk-chemical material, and provide
2D and 3D properties for self-assembly.

Table 3

Figures of merits of the reported spectroscopic methods for detection of neurotransmitters

Type of Sensor Type of Analyte Determination Method Dynamic range LOD Ref.

CdSe/ZnS QDs/A DA Fluorescence – 29.3 nM [35]
F-CuInS2 QDs DA Fluorescence 0.5–40 μM 0.2 μM [37]
Cd/Te QDs@silica DA Fluorescence 0.5 × 10−3–0.1 mM 2.4 × 10−4 mM [38]
CdTe QDs/Lac DA Fluorescence 0.3–100 mM 0.16 mM [39]
CdTe QDs ACh Fluorescence 10–5000 μM 10 μM [40]
CdS aggregates DA Fluorescence – 1.0 × 10−8 M [42]
CdSe–ZnS QDs-GSH/ATTO-590 DA Fluorescence – 1 × 10−6 M [43]
CdS QDs/ITO DA ECL 1 μM–10 mM – [44]
CdTe QDs/ITO DA ECL 50 pM–10 nM 24 pM [45]
CNTs/DSP-QDs/GCE DA ECL 50 pM–10 nM 26 pM [46]
Ag2Se QDs-MWCNT/PEI/GCE DA ECL 0.5–19 μM 0.1 μM [47]
CdSe/ZnS QDs/GCE DA ECL 0.1–20 μM – [48]
CdSe QDs-ABA/GCE DA ECL 10.0 nM–3.0 μM 3.0 nM [49]
ZnSe nanodots GABA Fluorescence 0.03–0.018 μM – [50]
CdS-PAMAM-AuNPs/Au DA ECL 0.05–10 μM 0.012 μM [51]
CNPs/Fe3+ DA Fluorescence 0.1–10 μM 68 nM [57]
CDs@MIP DA Fluorescence 25–500 nM 1.7 nM [58]
GO DA Fluorescence 0.25–20 μM 94 nM [62]
RGO/MWCNTs/AuNPs/GCE DA ECL 0.20–70 μM 0.067 μM [64]
RGO-Nafion/RuNWs/GCE DA ECL 1.0 × 10−12–1.0 × 10−5 M 3.1 × 10−13 M [65]
C-dots@RG-Chox-AChE DA Fluorescence 0.05–10 nM 30 pM [66]
AuNCs–BSA DA Fluorescence 10 nM–1 mM 10 nM [68]
AgNCs@APTES-GD/ITO DA ECL 8.3 × 10−9–8.3 × 10−7 M 9.2 × 10−10 M [69]
AuNCs/ITO DA ECL 2.5–47.5 μM – [70]
AgNPs–ZnSa DA Fluorescence up to 300 nM 3 nM [76]
AuNPs-Cu2+ DA Spectrophotometry 5 × 10−7–1 × 10−5 M 2 × 10−7 M [78]
AuNPs-Cu2+ DA Spectrophotometry 3.3 × 10−8–1.0 × 10−7 M and 3.0 × 10−7–4.5 × 10−6 M 30 nM [79]
AuNPs-AHMP DA Spectrophotometry 0.20–1.10 μM 0.07 μM [80]
AuNPs-BDA- DA Spectrophotometry 0.54–5.4 μM 0.36 μM [81]
DTSSP-AuNPs DA Spectrophotometry 0.02–0.80 μM 10 nM [82]
AuNPs-DTSSP-DA-MBA-AuNPs DA Spectrophotometry 5–180 nM 0.5 nM [83]
AuNPs DA Spectrophotometry 10–10+2 nM 5 nM [84]
Au@AgNRs DA Spectrophotometry 0.20–12 μM 0.047 μM [85]
Chitosan-Au nanocomposite DA SERS 1–10 mM – [88]
Chitosan-gold nanoshells DA SERS 1–10 mM – [89]
MIP-Au electrode DA SPR – 1 × 10−12 M [91]
AuNPs-ATP-PEG ACh Fluorescence 1–100 nM 0.21 nM [93]
AgNPs-PMA DA Spectrophotometry Up to 0.6 μM 60 nM [94]
AgNPs-PMA DA Spectrophotometry 5.27 × 10−7–1.58 × 10−5 M 5.27 × 10−7 M [95]
AgNPs DA Spectrophotometry 3.2 × 10−6–2.0 × 10−5 M 1.2 × 10−6 M [96]
PVP/Ag+ DA Spectrophotometry 3.2 × 10−6–2.0 × 10−5 M 8.0 × 10−7 M [97]
AgNPs-Fe(NTA) DA SERS 0.5 × 10−9–4.0 × 10−9 M 6.0 × 10−11 M [98]
DNA-mediated Ag nanostructures DA Fluorescence 1–200 nM 6 nM [99]
Tb3+/AgNPs DA Fluorescence 2.4–140 nM 0.42 nM [102]
C6D ACh Fluorescence 5 × 10−8–5 × 10−4 M 5 × 10−8 M [110]
Calix[n]arenes-LCG ACh Fluorescence 5–20 μM – [111]
Calixarenes-Rh800 ACh Fluorescence – 5 × 10−4 M [112]
HB-1 5-HT Spectrophotometry up to 20 μM 2 μM [114]
CPO-I ACh Fluorescence 1.67 × 10−5–33.22 × 10−5 M 1.01 × 10−5 M [115]
Snifit GABA Fluorescence up to 10−4 M – [117]
H2O2-HRP-l-Thyroxine EP Spectrophotometry 4–300 μM – [118]
MSPs–OPTD DA Fluorescence 50 nM–20 μM 50 nM [123]
Zr[Fe(CN)6] NPs DA RRS 0.03–1.3 mg/mL 0.392 ng/mL [127]
Potassium Ferricyanide-Fe(III) DA Spectrophotometry 0.05–6.00 μg/mL 0.045 μg/mL [128]
Fe3[Fe(CN)6]2 DA RRS 0.06–10 μg/mL 3.43 ng/mL [129]
Co(II)-PBI Glu/Asp Fluorescence – up to 200 μM [130]
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QDs and AuNPs are the most common nanomaterials used in
sensing and biosensing of neurotransmitters. Cd-free QDs are com-
patible with in vivo detection and provide eco-friendly recognition,
and are frequently used. Despite significant advances in detecting
neurotransmitters by QDs, more work is required to exploit QD-
based sensors and biosensors as tools for in vivo detection. For
practical uses of in vivo detection, more biocompatible, stable, sen-
sitive and repeatable test methods should be developed.

Also, increasing requests for cheap, disposable, analytical, and
diagnostic devices convince us to use cheaper, eco-friendly mate-
rials [e.g., carbon and its derivatives (graphene, GO, rGO and CDs)].
Their excellent biocompatibility makes them especially attractive
candidates for pre-concentration and detection of biological mol-
ecules, but application of carbon-based materials for optical sensing
of neurotransmitters is still in its infancy with many challenges re-
maining. One major challenge is their laborious, time-consuming
production and there is no scalable production method. Also, their
selectivity should be improved through functionalization or hy-
bridization with other groups that have specific affinity for given
analytes. Regarding the requests mentioned, it seems that the future
of applications of carbon-based materials for optical recognition of
neurotransmitter is brighter than for other materials.

From the Table 3, it is clear that the QDs and carbon-based ma-
terials are the most sensitive and the best eco-friendly materials
for sensing and biosensing of neurotransmitters, respectively. Also,
it can be seen that about 70% of research is concerned with DA anal-
ysis. From this point of view, it appears that, in future research, QDs
and carbon derivatives with improved surface properties and
biocompatible featureswill be applied to test neurotransmitters other
than DA. Also, it is clear that most published papers are based on
QDs, Au, Ag and carbon compounds, so, in future studies, other NP-
based materials will also participate in spectroscopic detection of
neurotransmitters.

In brief, the future research trends may include:

1. The presence of multiple compounds, which are closely related;
we expect that further developments in materials will open a
path to the development of new methods for assay of the si-
multaneous detection of multiple analytes without any
interference from each other.

2. We believe that more biocompatible materials will be pro-
duced, able to monitor biological systems in real time and in vivo/
in situ. It seems that nanomaterials can have the main role in
obtaining miniaturized, robust, portable devices for in situ

applications.
3. Taking into consideration the excellent adsorptive properties of

carbon compounds, we expect them to play an increasing role
in spectroscopic detection of neurotransmitters in the near future.

4. We foresee that other features of nanomaterials (e.g., NCs,
nanodots, NRs and NWs), will be take more part in future
research.

5. As most reported research suffers from lack of selectivity, we
expect research efforts to be focused on improving the analyt-
ical figures of merits.
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