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HIGHLIGHTS GRAPHICAL ABSTRACT

e The origin of MAMP and its side ef-
fects have been reported.

e The optical and electrochemical sen-
sors for sensing MAMP have been
reviewed.

e The advantages and drawbacks of the
applied modifiers and interfaces have
been described.

e The undeniable role of nanotech-
nology in the expansion of the MAMP
sensors has been described.

e Some offers for commercializing of
MAMP sensors for the rutin analysis
with low cost have been proposed.
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vital for several organizations such as forensic medicine, anti-drug headquarters and diagnostic clinics.

By emerging nanotechnology and exploiting nanomaterials in sensing applications, a great deal of

attention has been given to the design of analytical sensors in MAMP tracing. For the first time, this study
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comprehensively covered. Challenges, opportunities and future outlooks of this field have also been

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, the changing narcotic use patterns from traditional to
industrial chemical forms and psychotropic drugs is a great alarm
for society (Karimi-Maleh et al, 2021a). Methamphetamine
(MAMP), N-methyl-1-phenylpropane-2-amine, is one of the
famous industrial opiates, known as the second most widely used
illicit drug worldwide after cannabis (Shakeri et al.,, 2019; Won
et al, 2013). MAMP has been firstly produced from ephedrine
(Rusyniak 2013) and now illegally synthesized in underground
laboratories to misuse through oral, inhaled, injectable, and
smoked forms (Anglin et al., 2000; Karila et al., 2010). The world-
wide synthesis of amphetamine-type stimulants (ATS) is approxi-
mately 500 metric tons a year, with 24.7 million abusers, according
to the data United Nations Office on Drugs and Crime (UNODC)
(Adams et al., 2016). Although, in some cases, MAMP as a drug is
prescribed in low dosage to treat many disorders, including hy-
peractivity disorder, narcolepsy and excessive obesity (Prakash
et al., 2017). In contrast, this popular street opiate has been
broadly used as a recreational stimulant substance to create a
feeling of extreme pleasure in youth and teenagers. By blocking
serotonin, dopamine and norepinephrine receptors in the brain,
this neurotoxic substance causes irreparable problems (Parsons
2014). Taking high doses of MAMP leads to violent behaviors,
disturbance of consciousness, paranoia and meth mouth
(Donaldson and Goodchild 2006; Prakash et al., 2017; Shaner et al.,
2006; Wearne and Cornish 2018). The increased heart rate and
blood pressure and respiratory problems in MAMP consumers may
lead to stroke and death (Mooney et al., 2009). The schematic
representation of the side effects of this stimulant drug is shown in
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Scheme 1 with detail. To control the epidemic problems of MAMP
abuse, developing a reliable method for on-site screening of human
biofluids and seized ecstasy drugs is essential for the legal and
medical authorities. This global challenge has encouraged many
researchers to develop various analytical approaches in early
MAMP detection through different methods. The gas chromatog-
raphy (GC) (Djozan et al., 2012) liquid chromatography (LC) (Chou
and Lee 2005) and high performance liquid chromatography
(HPLC) (Kumihashi et al., 2007) are traditional analytical methods
for the detection of the MAMP and derivatives especially when
combined with other methods including supercritical fluid chro-
matography (SFC)/tandem mass spectrometry (MS-MS) (Segawa
et al., 2021), liquid chromatography—tandem mass spectrometry
(LC-MS-MS) (Kahl et al., 2021). Except for the chromatographic
methods, quartz crystal microbalance (QCM) (Miura et al., 1993),
ion mobility spectrometry (IMS) (Alizadeh et al., 2008), capillary GC
(Tanaka et al., 1994) and capillary electrophoresis (CE) (Chinaka
et al.,, 2000) have been also reported for the MAMP measuring
with high sensitivity and accuracy. Although these methods are
valid for the MAMP tracing in the complex matrixes, some draw-
backs still exist, such as the elaborate sample preparation and time-
consuming, expensive instruments and trained personnel. Other
methods in MAMP detection are based on optically and electro-
chemically strategies. Our motivation in this review is a general
overview of the design principles and fundamental features of the
MAMP sensors, from the great variety of the applied nanostructures
and biocaptures to various sensing mechanisms (Scheme 2).
Accordingly, various optical and electrochemical approaches pub-
lished in the past two decades have been summarized to discuss in
detail. Finally, the remaining challenges and future directions on
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MAMP sensing have been highlighted.

2. Optical sensors in MAMP detection

Optical sensors have been considered functional tools because
of their remarkable ability to exhibit the interactions between the
substances and sensor elements to provide analyte information
through a simple and low-cost route (Lobnik et al., 2012; Pan et al.,
2013). Generally, the optical sensors consist of a transducer that
captures signal from a phenomenon and turns them into different
radiations. It provides diverse optical sensing strategies, namely,
fluorescence, colorimetry, chemiluminescence, surface plasmon
resonance (SPR) and surface-enhanced Raman scattering (SERS)
approaches (Scheme 3) (Pashazadeh et al., 2017). In the following,

different types of optical sensing strategies in MAMP detection are
briefly reported.

2.1. Fluorimetric sensors

By emission light of an excited molecule upon returning to its
ground state, the fluorescence (FL) is occurred (Skoog et al., 2017).
Since some molecules have this property, so this method is inher-
ently selective. The naked-eye detection of interaction with easy
access in quantitative analysis, high sensitivity, wide response
range and rapid analysis are advantages of the fluorescence-based
sensors (Dandin et al., 2007; Pickup et al., 2005).

The first fluorimetric sensor in trace measurement of MAMP
was been proposed by He et al., in 2011. They applied a polyfluorene
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Scheme 3. Classification of various optical methods of the MAMP sensor.
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with the NH,-terminated side chains as a fluorescent probe and by
injection of MAMP to the system, the FL spectra were switched off.
This turn-on-off system detected MAMP with a limit of detection
(LOD) of 178.2 nM (Cheng et al., 2011).

Wen’s group presented another study based on the coupled
polymer structures in detecting MAMP vapor in 2012. They dis-
played the sensing performance and the photostability benchmark
of three polymer films including P1 (poly[(9,9-dioctylfluorenyl-2,7-
diyl)-alt(2,1,3-benzothiadiazole-4,7-diyl)]), P2 (poly[(9,9-
dioctylfluorenyl-2,7-diyl)-alt(2,1,3-benzooxadiazole-4,7-diyl)])
and P3 (poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt(quinoxaline-5,8-
diyl)]) which were exposed to saturated MAMP vapor. The results
indicated the P1 polymer was highly sensitive and selective regards
to MAMP in such that a LOD of 1.283 pM (Wen et al., 2012).

A more in-deep study of the fluorimetric methods reflects that
nanotechnology appearance has a profound effect on MAMP mea-
surement over the years and opened new horizons for signaling
assistance in some sensors. Among various nanomaterials, silica
nanoparticles (SiO2NPs) is an admirable probe in optical sensing
due to several excellent features such as nontoxic, optical trans-
parency and the freely available natural source (Si 2015). Accord-
ingly, Rouhani and Haghgoo in 2015 reported a fluorimetric method
by using a 1,8-naphthalimide-thiophene (NTS) doped SiO,NPs
(NTS@SiO,NPs) for MAMP detection. They showed that incorpo-
rating NTS in the SiO2NPs causes significant amelioration of the FL
response by increasing MAMP in both aqueous and solid states. The
turn-on sensing mechanism related to the weak bonding of heavy
sulfur atoms strengthened the spin-orbit coupling and improved
the intersystem crossing transitions from S1 —T1. The binding of
the amines of MAMP to the thiophene unit decreased the internal
heavy atom effect and enhanced the FL signal. This sensor detected
MAMP in a linear range of 6.7—270 uM (Rouhani and Haghgoo
2015).

Compared to the classic fluorescent organic dyes, quantum Dots
(DQs), as the efficient semiconductor nanoparticles, have been used
as excellent nano-fluore tags in various optosensing. They exhibit
unique chemical and optical highlights, including high quantum
yield, great symmetric, narrow emission band, broad absorption
spectra and preferable biocompatibility due to their nanoscale di-
mensions (Dennis et al.,, 2012; Dubertret et al., 2002; Gao et al,,
2004; Mansur et al., 2011; Meijerink 2008; Mohammad-Rezaei
and Razmi 2012; Roushani and Shahdost-fard 2017, 2019;
Ruedas-Rama et al., 2012; Shahdost-fard et al.). Masteri Farahani
et al. took advantage of cadmium sulfide QDs (CdS QDs) as a plat-
form for the antibody immobilization as a bioreceptor of MAMP.
The covalent conjugation of mercaptoacetic acid capped CdS QDs
with anti-MAMP in the presence of N-ethyl-N'-(3-
dimethylaminopropyl carbodiimide) (EDC) and Sulfo-N-hydrox-
ysuccinimide (Sulfo-NHS) as coupling agents was achieved. This
optosensor presented an excellent capability in the sensitive
detection of MAMP under a fluorescence resonance energy transfer
(FRET) mechanism with a LOD of 72.78 nM (Fig. 1). Some interfer-
ence drugs such as codeine and ibuprofen without significant signal
confirmed the sensor selectivity (Masteri-Farahani and Mosleh
2019).

However, antibody-based sensors (immunosensors) render
many advantages but some disadvantages such as high cost, short
shelf-life and hard-availability limit the scope of construction of
these sensitive sensors in MAMP detection. To overcome this
problem, recently, molecularly imprinted polymers (MIPs) have
been introduced as another receptor of MAMP to create binding site
templates in synthetic polymers using molecular imprints or pat-
terns(Karimi-Maleh et al., 2021b). Since the MIPs present some
valuable features such as low cost, acceptable selectivity, reusability
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and easy preparation process, they are chosen for the sensor
fabricate (Guoning et al., 2019; Haupt 2001; Haupt and Mosbach
2000). Graphene quantum dots (GQDs), as another nano-fluore
tag, is a fantastic probe with amazing optical properties (Razmi
and Mohammad-Rezaei 2013; Shen et al, 2011). This nano-
structure plays an important role in the development optosensors
due to excellent quantum yield, the large surface to volume ratio
and good biocompatibility (Shen et al., 2012). A combination of
MIPs and GQDs as a signal amplifier offers an exceptional revolu-
tion in designing the sensors by increasing the surface area and
conductivity. Recently, Masteri Farahani et al. have incorporated
sites of MIPs with GQDs to improve the sensitivity of MAMP
recognition (Fig. 2). By increasing MAMP in this system, the in-
tensity of the FL signal was quenched, while in the presence of
other narcotic compounds, no significant change was achieved.
This approach provided a selective fluorimetric MAMP assay with a
LOD of 12.12 nM (Masteri-Farahani et al., 2020).

Under a similar strategy, SiO, was synthesized through a sol-gel
polymerization route and then the carbon QDs (CQDs) was
immobilized on this. The structured mesoporous MIP
(Si0,@QDs@ms-MIPs) was used as a fluorescent probe. The pres-
ence of MAMP led to a fluorimetric turn-on system and the MAMP
was detected under a linear range of 5—-250 pM with a LOD of
1.6 uM (Fig. 3) (Mandani et al., 2020).

As the bioreceptors that can defeat some limitations of the an-
tibodies, aptamers have been utilized in fluorometric methods in
the MAMP measurement. The aptamer is a single synthetic strand
of RNA or DNA with exceptional properties presenting high speci-
ficity regarding the targets (Roushani and Shahdost-fard 2018;
Shahdost-fard and Roushani 2016; Tan et al., 2013). In the last two
decades, aptamer-based sensors (aptasensors) have been applied in
various applications (Nutiu and Li 2005; Roushani et al., 2020;
Shahdost-fard and Roushani 2019, 2020; Yan et al., 2010). Taking
advantage of the aptamers, the first fluorometric aptasensor for
MAMP detection has been introduced by Saberi et al., in 2018. They
applied the cobalt oxyhydroxide (CoOOH) nanosheets as the
acceptor and carbon dots (CDs) as the donor (Fig. 4). The interaction
of aptamer functionalized with the CDs (aptamer-CDs) with the
CoOOH nanosheets led to a quench of the CDs’ fluorescence in-
tensity. By incubating the MAMP to the system and the aptamer
configuration change for capturing the MAMP, the aptamer was
released from the CoOOH nanosheets and the FL signal increased.
This off-on system detected the MAMP in a linear range of
5—156 nM with a LOD of 1 nM (Saberi et al., 2018).

2.2. Colorimetric sensors

Colorimetric detection is a highly regarded method due to its
simplicity, low cost and label-freeness. The colorimetric analysis is
based on a chemical compound in a solution using a color reagent
to detect the target with the naked eye or a portable spectrometer
(Kim et al., 2010; Xiao et al., 2015). In recent years nanomaterials
make significant progress in colorimetric sensors. Among various
nanostructures, metal NPs (MNPs) are the perfect candidate for
colorimetric assay because of size-/distance-dependent optical
properties. Since a change in inter-particle plasmon coupling leads
to a shift of surface plasmon band, the color of colloidal MNPs is
sensitive to its aggregation/dispersion. This behavior can be
regarded as a useful indicator in the colorimetric assay (Petryayeva
and Krull 2011; Zhang et al., 2008). The literature survey reveals
that NPs has a crucial role in designing the colorimetric sensor for
MAMP analysis. In a study based on the polymer coupled with the
NPs, Argente-Garcia et al. synthesized a composite containing 1,2-
naphthoquinone-4-sulfonate (NQS) and poly dimethylsiloxane/
tetraethylorthosilicate/SiO,NPs (PDMS-TEOS-SiO;NPs) for analysis
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of the drugs from the amphetamine (AMP) family. The drugs
include MAMP, 3,4-methylenedioxymethamphetamine (MDMA)
and 3,4-methylenedioxyamphetamine (MDA) derivatized inside
the composite to embed a colored product in the investigation of
the diffuse reflectance or the color intensity. The fabricated kit
distinguished the targets in the street samples with a LOD range of
6.46—16.16 mM (Argente-Garcia et al., 2016).

The first colorimetric aptasensor for MAMP detection has been
introduced based on the utilization of gold NPs (AuNPs) by Yar-
bakht’s group in 2015. Accordingly, the aptamer structure changed
in the absence or presence of the MAMP and the AuNPs was dis-
colored based on the aggregation/dispersion process. This fast vi-
sual diagnosis method detected the MAMP in a micromolar range
within a few minutes (Yarbakht and Nikkhah 2016).
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Methamphetamine
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Fig. 2. Stepwise preparation of the functionalization of the GQDs and synthesis of the GQDs@MIP for the MAMP detection. Reproduced with copyright permission of Elsevier
(Masteri-Farahani et al., 2020).

In another strategy based on the aptasensing approach coupled
with NPs, the MAMP was measured by a salt-induced aggregation
of unmodified AuNPs. Shi et al. showed the aptamers immobilized
to the AuNPs surface have a resistance to the NaCl-induced aggre-
gation. In contrast, in the presence of the MAMP, the aptamer
bound to MAMP exhibited a rapid salt-induced aggregation. This
aggregation process depends on MAMP, led to a solution color
change from red to blue. The feasibility of the aptasensor was
validated by visually measuring human urine containing MAMP
under a range of 2—10 pM with a LOD of 820 nM (Shi et al., 2015).

Combining the aptasensing approach with the NPs and mag-
netic beads (MBs) provided a sensitive method for the simulta-
neous analysis of cocaine and MAMP. In this strategy, a specific
single-stranded DNA (ssDNA) sequence coated on Au@Ag core-
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shell NPs as a reporter probe (RP), a capture probe (CP) conjugated
with magnetic beads (MBs), and a target-binding aptamer was used
(Fig. 5). The free binding aptamer hybridized with both of the RP
and CP probes in the absence of the targets and no significant color
change was detectable by aggregation of the NPs. While intro-
ducing the target, a competition occurred for the aptamer to cap-
ture the target and the formed target/aptamer complex led to
disaggregate the NPs and emit a distinct color. This color change
was linearly proportional to different MAMP concentrations in a
linear range of 0.5—200 nM with a low LOD of 0.1 nM (Mao et al.,
2017).

2.3. Chemiluminometric sensors

During the fast multi-step oxidation reactions, a luminescence
emission creates the chemiluminescence (CL) process (Zagatto
et al,, 2011). The CL-based strategy differs from the colorimetric

and fluorimetric approaches because of the minimized background
interferences arising from excitation light sources and emission
filters (Wang et al., 2019). However, this method presents unique
advantages but, up to now, only a CL sensor has been reported for
MAMP detection. In 2017, Hassanzade’s group introduced a MAMP
sensor based on both FL and CL methods by utilizing L-cysteine
capped CdS QDs, rhodamine B (RhoB) and cetyl-
trimethylammonium bromide (CTAB). The strategy is based on the
fact that the CdS QDs has a promoting effect on the CL reaction of
RhoB-CTAB-KMnO4 such that adding MAMP leads to a considerable
alteration in the FL and CL emission intensities of the CdS QDs
(Fig. 6). Accordingly, the FL emission of QDs was linearly quenched
in the presence of 47.97—2.85 x 10% nM of the MAMP. In contrast,
the CL emission enhanced with a linear range of 1.78—891.39 nM in
a shorter assay time. The LOD of the CL method was calculated to be
0.613 nM, which was over 20 times better than the applied FL
method (Hassanzadeh et al., 2017).
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2.4. Surface plasmon resonometric (SPR) sensors

The surface plasmon resonance (SPR) is an electromagnetic
phenomenon created from light interaction with free electrons at a
metal-dielectric interface (Piliarik et al, 2007). Accordingly, a
refractive index change is achieved by adsorption of target mole-
cules on the specific ligands immobilized on the surface. The SPR
sensors benefit from the produced excitation of surface plasmon for

optosensing purposes during a short time analysis (Homola 2008;
Miyazaki et al., 2017; Ragavan et al., 2013). This approach has been
rendered significant consideration in MAMP measuring.

The first SPR immunosensor in MAMP detection has been re-
ported by Sakai et al, in 1999 based on an antigen-antibody
interaction. A conjugate of MAMP with bovine serum albumin
(BSA) as an antigen (MAMP—BSA) was immobilized on an Au thin
film. The related incident angle changed by adding the MAMP
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(Fig. 7). Increasing the MAMP to the antibody solution was pro-
portionally decreased the angle in a range of 0.713—7.13 x 10> nM
because of the inhibition effect of MAMP (Sakai et al., 1999).
Based on a similar sensing mechanism, Cao et al. generated
another immunosensor in MAMP detection. The serum sample
containing MAMP was mixed with the antibody. The concentration
increasing of the target bound to the MAMP-BSA conjugate
decreased the obtained signal under the same strategy of Sakai’s
group (Fig. 8). A linear range of 4.92—3.56 x 10% nM for MAMP was
obtained by applying a four-parameter logistic model. The speci-
ficity of the immunosensor was confirmed by testing some illicit
drugs, including pseudoephedrine, ketamine, morphine and
nimetazepam. They indicated the developed immunoassay results
were matchable with the standard GC-MS method (Cao et al., 2018).
In another similar study, Chang et al. have reported a fiber optic
particle plasmon resonance (FOPPR) immunosensor based on a
competitive inhibition in the MAMP determination. They
embedded BSA—MAMP conjugate on the fiber core surface modi-
fied with the AuNPs. Based on an indirect competitive reaction

2004
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wn
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between the free MAMP in the solution and MAMP bound to the
conjugate surface, transmitted light intensity change through the
sensor fiber monitored. The MAMP was analyzed in a broad con-
centration range of 7.13—7.13 x 10> nM with a LOD of 1.140 nM. The
FOPPR immunosensor could diagnose MAMP in some diluted hu-
man urine samples without nonspecific adsorption interference
(Chang et al., 2020).

2.5. Surface-enhanced Raman scattering (SERS) sensors

Surface-enhanced Raman scattering (SERS) is a surface-sensitive
phenomenon that enormously enhances the resulted Raman scat-
tering signals through absorbed molecules on metal surfaces or
nanomaterials. In this technique, the enhancement of the
electromagnetic-field of plasmonic substrates with the vibrational
Raman spectroscopy chemical specificity is applied to measure the
analyte (Wang et al., 2017; Zheng and He 2014). The SERS-based
sensors have presented potential in illegal drug detection because
of their non-invasive probing, minimal sample preparation,
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Fig. 8. A curve of relative response vs. time of the SPR sensor under a competitive inhibition immunoassay in the absence and presence of the MAMP. Reproduced with copyright

permission of Elsevier (Cao et al., 2018).
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compatibility with an aqueous solution, and label-free monitoring
for a specific analyte in complex matrices (Yu et al., 2019).

For the first time, SULK et al., in 1999 developed a SERS method
to detect the AMP and MAMP. A coupling reaction was done by 2-
mercaptonicotinic acid (2-MNA) and dicyclohexylcarbodiimide
(DCC) to form two amide compounds of AMP and MAMP. The
compounds were detected based on comparing the intensity of the
resulted Raman bands relative to a Raman band of the internal
standard by a LOD value of 140 uM (AMP) and 114 uM (MAMP)
(Sulk et al., 1999).

In another study, Nuntawong et al. by applying a
nanotechnology-based strategy for the first time in the SERS sen-
sors, offered the vertically-aligned silver nanorods-based SERS
chips to measure MAMP and AMP in some human urine samples.
The SERS substrates were achieved by silver nanorods synthesized
based on the magnetron sputtering technique. The analysis was
done in the acidulation-treated urine samples and a LOD value of
335.03 nM was obtained (Nuntawong et al., 2017).

Mao’s group in 2018 took advantage of the aptamer benefits for
the first time in the SERS sensors to prepare a selective substrate to
detect MAMP (Fig. 9). The applied strategy was based on 4-
mercaptobenzoic acid (4-MBA) labeled core-shell Au@Ag nano-
particles and aptamer. The signal intensity of 4-MBA as the Raman
reporter significantly intensified due to the gold@silver (Au@Ag)
aggregation and hot spots SERS formation. The sensor detected
MAMP under a logarithm relationship between the SERS signal and
MAMP concentration with a linear range of 3.35—268.03 nM and
LOD of 1.072 nM. The results were confirmed by the MAMP
detection through HPLC-MS/MS in the human urine sample (Mao
et al., 2018).

Salemmilani et al. reported a dielectrophoresis-induced micro-
fluidic SERS device with a high capability in the MAMP analysis in
some saliva samples for 2 min. Accordingly, iodide-modified AgNPs
was trapped and released by electrodes integrated into a micro-
fluidic channel. Chemometrics studies based on the principal
component analysis (PCA) were done to classify the MAMP-positive
samples from the negative control samples. The sensor presented
reuse capability multiple times because the passivation of the
electrodes and flow channels decrease the microchannel fouling by
the AgNPs (Salemmilani et al., 2018).

In another study, Au nanorods (AuNRs) arrays were fabricated
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based on a simple and maskless nanofabrication process of Oblique
angle deposition (OAD) to provide uniform substrates for SERS
studies. Based on the finite-difference time-domain (FDTD) inves-
tigation, the maximum electromechanical (EM) field intensity was
calculated by length and the tilting angle of AuNRs. Using the probe
molecule of 1,2-bis (4-pyridyl) ethylene (BPE) in MAMP detection, a
LOD value of 10" M was detected in human urine (Li et al., 2019).

A SERS-active microcavity as a MAMP sensor was developed by
Fang et al., in 2020. This device was fabricated based on micro-
cavities distributed on a glass array and compact self-assembly
nanopeanuts on the inside surface. Crystal violet acetate (CVa) as
the internal standard label was anchored inside the middle gap of
the CSNPs on the surface of microcavity arrays. This device was
equipped with a manual monolithic column syringe needle to
detect MAMP spread on the microcavity array bottom area. The
sensor was able to on-site detect 67 nM in the urine and serum
samples (Fang et al., 2020).

Hong et al. reported optoplasmonic hybrid nanomaterials as the
SERS substrate for the sensitive detection of MAMP. Accordingly, a
MAMP-carrying dielectric layer was attached to AuNPs monolayer
to enhance the electric field localization intensity and provide more
MAMP in the electromagnetic “hot” surface. The resulted sensor
was detected MAMP in saliva and urine at nanomolar concentra-
tions (Hong et al., 2020).

In another study based on the MAMP aptamer, an aligner
mediated cleavage (AMC) of DNA using a MAMP aptamer was
introduced by Mao et al., in 2021. In this study, by sequence-specific
cleavage of aptamer linked by AuNPs (aptamer-AuNPs), hybridiza-
tion of the cleavage aptamer-AuNPs with complementary DNA
(cDNA)-AuNPs led to aggregate the AuNPs and concomitant plas-
monic coupling effect. Accordingly, the interparticle distance of the
AuNPs was decreased and the electric field enhancement factor was
enhanced by reducing the base number of aptamer-AuNPs. So,
rhodamine 6G (R6G) adsorbed on AuNPs surface produced a strong
Raman signal under the laser irradiation. The sensor detected
MAMP under a linear range of 10 pM to 10 nM with a LOD of 7 pM
(Mao et al., 2021).

Although the conventional SERS method on the portable Raman
spectrometer has still challenges because of the spectra process
with manual intervention and low sensitive Raman signal, the
dynamic SERS (DSERS) method presented some benefits in the
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Fig. 9. A schematic representation of SERS method for the MAMP detection based on Au@Ag core-shell nanoparticles. Reproduced with copyright permission of Elsevier (Mao et al.,

2018).
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better analyte detection. This method removes normal Raman and
instrumental interferences and does site-selective spectroscopy of
adsorbate populations on active particles better than the SERS
method. Accordingly, Dong et al. developed a DSERS-based sensor
by utilization a portable Raman spectrometer on AuNRs to detect 3,
4-methylenedioxy methamphetamine (MDMA) and MAMP in hu-
man urine. Data obtained from the analysis of urine in the absence
and presence of analyte were collected based on the generation of
high reproducible SERS signals by the AuNRs. A support vector
machine (SVM) model as a classification algorithm was made. Both
the MDMA and MAMP were detected in the addicts’ urine. The
analysis was directly done with no need for the corresponding SERS
spectra by 2 uL sample volume during 2 min (Dong et al., 2015).

Under the same strategy, Weng et al. presented a DSERS method
based on the mPEG-SH coated AuNRs and discriminate MAMP and
MDMA in human urine samples by the chemometric studies. A
recognition model was made based on the selection of spectra at
the critical state by K-means and proposing random forest (RF) with
feature selection and PCA. The analytes were discriminated by the
classification model and identification accuracy was investigated.
Using the chemometric studies in this method helps to a better
detection process during some seconds (Weng et al., 2018).

There are some other optical sensors in the MAMP detection in
literature from which the most important ones are summarized in
Table 1.

3. Electrochemical sensors in MAMP detection

The electrochemical sensors are devices that couple a material
to an electrode transducer. These electrodevices present some ad-
vantages compared to the optosensors. The performance of an
electrochemical sensor depends on how the receptor immobiliza-
tion on the electrode surface to prepare an efficient interface
sensing. Since the stabilization of the diagnostic agents such as MIP,
antibody, protein, aptamer, and enzyme on the electrode surface is
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of great importance in sensing devices, applying a suitable sub-
layer is pivotal in the electrode modification process. Many elec-
trochemical sensors based on several techniques have been intro-
duced in the selective and sensitive detection of various analytes
(Freire et al., 2003; Karim-Nezhad et al., 2016; Razmi et al., 2019;
Rosy and Yadav 2014; Roushani et al., 2019; Shahdost-fard and
Roushani 2017). The electrochemical MAMP sensors are classified
based on the applied techniques as voltammetric, potentiometric,
impedimetric, amperometric and electrochemiluminometric sen-
sors (Scheme 4)(Karimi-Maleh et al., 2020). The following sub-
sections summarize the electrochemical sensors for MAMP
detection.

3.1. Voltammetric sensors

Voltammetric strategy shows excellent sensitivity and selec-
tivity due to the analyte can be easily recognized by its voltam-
metric peak (Ganjali et al., 2017; Moshirian-Farahi et al., 2020;
Taghdisi et al., 2016; Tajik et al., 2018).

3.1.1. Cyclic voltammetry (CV)-based sensors

The cyclic voltammetry (CV) technique is a common voltam-
metry technique in electrochemical studies, which works based on
redox reactions. Some kinetic parameters such as the active surface
area and the surface coverage of the modified electrode, current
density changing, and transfer coefficient of reaction can be eval-
uated by this technique (Baghbamidi et al., 2016; Foroughi et al.,
2014; Rezaei and Irannejad 2019; Tajik and Beitollahi 2019). Due
to this technique is not so sensitive, rather than the other electro-
chemical techniques in the target detection, up to now, only one
CV-based sensor has been reported for the MAMP measurement.
Kohzadi et al., in 2016 have used a nanocomposite containing chi-
tosan and AuNPs as a sub-layer to introduce the first MAMP apta-
sensor in the CV-based sensor class. This first application of
nanotechnology in the voltammetric MAMP sensor improves the

Table 1

The optical sensors for MAMP detection.
Method Interface Linear Range (uM) LOD (nM) Matrix Ref.
Fluorimetric Polyfluorene-NH, - 178.58 - Cheng et al. (2011)
Fluorimetric FBT & PFT N 1.35 x 10* & 4.56 x 10* ____ Fu et al. (2013)
Fluorimetric Benzothiadiazole - 1.28 x 10° - Wen et al. (2012)
Fluorimetric NTS@SiO,NPs 6.7—270 - Rouhani and Haghgoo (2015)
Fluorimetric Anti-MAMP-CdS QDs 0.14—17.82 42.78 - Masteri-Farahani and Mosleh (2019)
Fluorimetric GQDs@MIP 5-50 42.78 Masteri-Farahani et al. (2020)
Fluorimetric Si0,@QDs@ms-MIPs 5-250 1.6 x 10° Urine, Blood Mandani et al. (2020)
Fluorimetric Aptamer/CoOOH-CDs 5x 103-1.56 x 10° 1 Plasma Saberi et al. (2018)
Fluorimetric GQDs 10.55 x 10° Masteri-Farahani and Askari (2019)
Fluorimetric Polymer prob N Yu et al. (2020)
Colorimetric PDMS-TEOS-SiO,NPs 2.85 x 107 Street sample Argente-Garcia et al. (2016)
Colorimetric Aptamer/AuNPs 5—400 Yarbakht and Nikkhah (2016)
Colorimetric Salt/Aptamer/AuNPs 2—-10 820 Urine Shi et al. (2015)
Colorimetric Aptamer/Au@Ag core-shell 5 x 1074-.200 0.1 Urine Mao et al. (2017)
Colorimetric Aptamer/Gquadruplex—hemin DNAzyme 8 x 1073-0.500 0.5 Urine Mao et al. (2016)
Chemiluminescence KMnO4-RhoB-CTAB/CdS QDs 1.7 x 1073-0.89 0.613 Urine Hassanzadeh et al. (2017)
SPR Anti-MAMP—BSA 713 x 1074-7.13 - Urine Sakai et al. (1999)
SPR Anti-MAMP—BSA 492 x 1073-3.56 0.92 Serum Cao et al. (2018)
SPR AuNPs-BSA-Anti-MAMP 7.13 x 1073-7.13 1.14 Urine Chang et al. (2020)
SERS 2-mercaptonicotinic acid - 1.14 x 10° Urine Sulk et al. (1999)
SERS 4-MBA modified Au@Ag 3.3 x 1073-0.26 1.07 x 1073 Urine Mao et al. (2018)
SERS AgNRs R 3.3 x 10? Urine Nuntawong et al. (2017)
SERS Core-shell nanopeanuts - Urine, Serum Fang et al. (2020)
SERS AuNRs 1077 Urine Li et al. (2019)
SERS MAMP aptamer-Au NPs 10 x 10°6t0 10 x 10°> 7 x 103 Serum Mao et al. (2021)
SERS lodide-modified AgNPs N - Saliva Salemmilani et al. (2018)
SERS Optoplasmonic R - Saliva, Urine  Hong et al. (2020)
D-SERS AuNRs - - Urine Dong et al. (2015)
D-SERS mPEG-SH coated AuNRs - - Urine Weng et al. (2018)
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Scheme 4. Classification of various electrochemical methods of the MAMP sensor.

great mechanical stability of chitosan (CHIT) with the AuNPs to
embed a suitable platform to capture the thiolated-aptamer
sequence on the modified electrode surface (Fig. 10). By incuba-
tion of MAMP on the aptasensor surface, the conformation of the
aptamer changed to capture the target and a further change in the
CV signal of the ferro/ferricyanide ([Fe(CN)s]>"/*") as a redox probe
was achieved. Besides, they used a microcantilever-based sensor to
compare the corresponding results. The LOD for MAMP sensing was
calculated to be 10 nM and 0.7 nM for the electrode modification
and microcantilever approaches, respectively (Kohzadi et al., 2016).

3.1.2. Differential pulse voltammetry (DPV)-based sensors

The differential pulse voltammetry (DPV) popular technique
presents a more sensitive response rather than the CV technique.
This behavior is rooted in the fact that the current is measured at
each pulse to minimize the background current, which is useful in
trace analysis of the analytes (Bockris 1981).

Lubomir Svorc’s group has reported a DPV-based sensor to
MAMP measurement by a self-assembled boron-doped diamond
electrode (BDDE) as an efficient platform. The BDDE exhibited an
irreversible peak related to the MAMP oxidation at +1.23 V (vs. Ag/
Ag(l) in the Britton—Robinson buffer (BRB) solution with pH = 10. A
two-proton/two-electron mechanism based on the oxidation of
secondary amino group in the formation of hydroxylamine in
MAMP structure was proposed. The MAMP assay was done based
on the DPV technique under a linear range of 0.07—80 uM with a
LOD of 50 nM. (Svorc et al., 2014).

In another study, Oghli et al. used a pencil graphite electrode
(PGE) to fabricate an electrochemical sensor for the MAMP detec-
tion. The PGE electrochemical activity enhancement was attributed
to the oxygen-containing group increase on the surface (phenolic,
carbonyl, and carboxyl groups) or the graphite oxide film formation
during electrochemical pretreatment of the PGE in the BRB solution
(pH = 11). This issue boosted the signal obtained based on the in-
teracts of the MAMP with the surface (Oghli et al., 2015). The MAMP
was quantitatively measured in the blood, urine and seized drug
samples by the DPV technique under a dynamic linear range of
0.074—54 mM with a LOD of 50 nM (Fig. 11).

Demir and coworker modified a glassy carbon electrode (GCE)

1

with a fluorescent-labeled polypeptide (EDOT-BTDA-Pala) as a
platform to immobilize the MAMP-antibody via cross-linking of
amino groups. The GCE/EDOT-BTDA-Pala/antibody as the sensor
was applied to analyze MAMP in saliva, urine and serum samples
(Fig. 12). Based on the DPV results, the MAMP was distinguished in
a dynamic range of 71.31-713.11 pM and a LOD of 93.20 uM (Demir
et al.,, 2016).

3.1.3. Square wave voltammetry (SWV)-based sensors

In the square wave voltammetry (SWV) technique, a symmet-
rical square wave superimposes on a staircase waveform where the
forward pulse of the square wave (with a pulse direction same as
the scan direction) coincides with the staircase step. Thus, the SWV
technique produces a faster signal than the DPV technique, which
can be favorable for routine quantitative analyses (Lovri¢ 2010;
Osteryoung and Osteryoung 1985).

Accordingly, Garrido et al. developed a voltammetric sensor in
distinguishing four illicit drugs, including AMP, MAMP, MDA and
MDMA. The electrochemical study of an unmodified GCE for the
drugs in different buffer solutions provided some information
about the analyte content and amount in the ecstasy tablets
(Garrido et al., 2010). The oxidation mechanism of these electro-
active analytes is related to the oxidation of the aromatic nucleus
and the secondary amine group present in the molecules. A LOD of
1.2 uM based on the SWV studies for the MDMA detection was
reported.

The first application of a screen-printed carbon electrode (SPCE)
in MAMP analysis has been reported in the SWV-based sensor. This
type of polished-free electrodes, by offering some advantages such
as high surface area, microliter solution volume and low cost, are
superior to the traditional electrodes such as GCE and PGE in
sensing applications (Taleat et al., 2014). Accordingly, Bartlett’s
group used the SPCE as the working electrode and an intermediate
of N,N’-(1,4-phenylene)-dibenzenesulfonamide to measure MAMP.
The oxidized mediator reacted with MAMP on the SPCE surface and
an electrochemical reduction process was done. By applying a
double square wave reduction technique for the MAMP sensing in
the undiluted saliva, a LOD of 1.29 uM during 55 s was obtained
(Bartlett et al., 2016).

Carbon nanotubes (CNTs) as nanomaterials with fantastic
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Fig. 11. Schematic electrochemical pretreatment of the PGE in the detection of MAMP and the corresponding DPV curve.

properties including high electron transfer, a great surface to vol-
ume ratio, excellent flexibility, unique chemical and thermal
durability are a favorable choice in the fabrication electrochemical
sensors (Karim-Nezhad et al., 2018; Razmi et al., 2013; Vashist et al.,
2011). Accordingly, Alizadeh et al. introduced the first application of
nanotechnology in the MAMP SWV-based sensor fabrication by
utilizing multi-walled CNTs (MWCNTs). A carbon paste electrode
(CPE) was modified with the nanocomposite of MIP/MWCNTSs to
provide the MIP/MWCNTs/CPE as the electrochemical MAMP
sensor (Fig. 13). The well-defined oxidation peak of the MAMP on
the modified CPE at 1 V corresponded to the oxidation of the sec-
ondary aliphatic amine in the MAMP structure compared to the
lower signal of the unmodified CPE. The fast Fourier transform
square wave voltammetry (FFT-SWV) technique with the signal
intensity amplifying capability was applied in the MAMP analysis.
The sensor measured MAMP under a linear dynamic range of
0.01-100 uM with a LOD of 0.83 nM (Akhoundian et al., 2019).
Haghighi and coworkers reported another application of the
MWCNTs in the SWV-based sensor development for MAMP

12

detection. They utilized a GCE modified with the amine-
functionalized MWCNTs and AuNPs linked to the silica-coated
magnetite (SiO,@Fe304) nanoparticles to prepare the GCE/
MWCNT/AuNPs-SH-(CH;)3—Si—SiO,@Fe304 as the sensor. The bare
GCE surface exhibited a weak irreversible oxidation peak of the
MAMP, while the GCE/MWCNT/AuNPs-SH-(CH3)3—Si—SiO2@Fe304
indicated a sharp anodic peak under the diffusion-controlled
mechanism. The SiO,@Fe304 nanoparticles through the outer
sphere electron transfer mechanism facilitate the electron transfer
between MAMP and amine-functionalized MWCNTs. The sensor
detected MAMP based on the SWV signal in three linear ranges
from 0.05 to 50 uM with a LOD of 16 nM (Haghighi et al.).
Reduced graphene oxide (rGO), as another admirable nano-
material in electrochemical sensor fabrication, has presented some
beneficial properties in MAMP detection. Recently, Anvari et al.
prepared a GCE modified with cerium oxide nanoparticles
(CeO2NP) decorated on rGO to construct the CeO,NP/rGO/GCE as
the sensor in MAMP screening. The results exhibited a significant
current signal and reduced overvoltage toward MAMP on the
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sensor surface compared to the unmodified GCE. The MAMP was 3.2. Potentiometric sensors

oxidized based on a chemical reaction (EC) mechanism involving

two-electrons and two-protons under a linear dynamic range from The potentiometric sensor works on the electrical potential of a
25 to 166.6 uM and a LOD of 8.7 uM (Anvari et al., 2021). modified electrode when there is no current. The utilization of this

13
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class of the sensor in MAMP detection is only limited to an old
study in 1993 by Watanab’s group. They prepared a sensitive
membrane electrode as a sensing tool to detect MAMP in urine
samples. The sensor was fabricated by incorporating sodium tet-
rakis[3,5-bis(trifluoromethyl)phenyl]borate as the ion exchanger
and tricresyl phosphate as the membrane solvent in a membrane
matrix of poly(vinyl chloride). The results of the potentiometric
studies presented a LOD value of 10 uM in the MAMP measurement
(Watanabe et al., 1993).

3.3. Impedimetric sensors

The studies based on the electrochemical impedance spectros-
copy (EIS) technique, known as the impedimetric studies, are very
informative in investigating some parameters such as character-
ization of charge transfer, double-layer constitution, corrosion and
kinetic studies (Pérez-Fernandez et al., 2020; Rezaei and Irannejad
2019; Roushani and Shahdost-fard 2015). Accordingly, as another
class of sensors, the impedimetric sensors have presented useful
information in MAMP detection.

Ebrahimi’s group in 2012 have introduced the first impedimetric
aptasensor in MAMP measuring. They combined two methodolo-
gies based on nanotechnology and aptasensing for the first time to
screen MAMP in the presence of AMP. An Au disk electrode modi-
fied with AuNPs was applied to attach the aptamer sequence as the
MAMP biocapture. By incubating the MAMP on the aptasensor
surface and increasing the spatial restriction, the electron transfer
of the redox probe (ferro/ferricyanide) was prevented from the
electrode surface. The occurred signal-off corresponded to the
MAMP concentration (Fig. 14) (Ebrahimi et al., 2012).

In another attempt, Rafiee and Fakhari took advantage of the
synergistic effect of the MWCNTSs, Nafion (Nf) and AuNPs to modify
an SPE and prepare the SPE/MWCNTs-Nf/AuNPs as the MAMP
sensor (Fig. 15). MAMP was captured by the framework created of
MWCNTs and AuNPs on the modified SPE surface through the
adsorption process. The electrochemical behavior of the MAMP on
the sensor surface was monitored by both the square wave strip-
ping voltammetry (SWSV) and EIS techniques. Based on the SWSV
technique, two linear ranges (20—100 nM and 3—50 uM) with a
LOD of 6 nM were achieved for the MAMP measurement. In
contrast, the EIS technique presented a linear range of
115—-26.9 nM with a lower LOD (0.3 nM) in MAMP detection
(Rafiee et al., 2015).

The first impedimetric immunosensor in MAMP detection has
been introduced by Yeh et al, in 2012. A conjugation of
antibody—colloidal AuNPs as an electron bridge between two
electrodes was applied to prepare the electro-microchip. Under a
competitive immunoassay method, the MAMP led to the corre-
sponding impedance signal change. This diagnostic method based
on the electro-microchip has provided some advantages such as
lower sample volume, fast analysis and the low concentration
measurement with a LOD value of 713 nM (Yeh et al., 2012).

3.4. Amperometric sensors

Amperometric sensors are usually applied to measure a current
signal generated by an electrochemical reaction at a constant
voltage (Hayat et al., 2014; Monroe 1990). This class of sensors has
received remarkable attention due to high sensitivity and wide
linear range in various sensing applications (Ran et al., 2010).

In 2002, Luangaram et al. developed the first amperometric
immunosensor for MAMP detection. A combination of a carbon
paste (CP) and Ag/AgCl screen printed on a heat-sealing film was
used as an electrode. A composite of MAMP-N-BSA conjugate,
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antibody (as bioreceptor of MAMP) and alkaline phosphatase-goat
anti-mouse immunoglobulin G (IgG) were prepared under opti-
mum ratio to detect MAMP. By conversion of p-aminophenyl
phosphate to p-aminophenol, the MAMP was measured by the
sensor in a urine sample under a competitive format. A linear range
of 1.426—10.69 uM was reported (Luangaram et al., 2002).

Several years later, in 2014, Zhang and Liu presented another
amperometric immunosensor in recognition of MAMP. An Au
electrode (AuE) modified with the Prussian blue (PB), L-cystine (LC),
nano-Au and (3-mercaptorpropyl) trimethoxysilane (MPS), which
is denoted as the nano-Au/MPS/PB/LC/AuE, was fabricated. The PB
was presented high activity toward the reduction of H,0; and the
corresponded signal enhanced. The measurement was done by
capturing MAMP through the anti-MAMP under a dynamic range of
0.01-5 pM with a LOD of 7.5 nM (Fig. 16) (Zhang and Liu 2014).

3.5. Electrochemiluminetric sensors

In the electrochemiluminescence or electrogenerated chem-
iluminescence (ECL) process, the alteration of electrical energy into
radiant energy accomplishes at an electrode surface by controlling
the applied potential for the working electrode (Richter 2004). This
process implicates the production of the species at the electrode
surface to undergo a series of electron transfer reactions under
specific conditions to create the excited states in the light emission
(Richter 2004). Due to electrochemiluminetric sensors offer some
advantages such as low background signal and suitable time and
space control, they are significantly considered in the trace analysis
of biological samples (Bard 2004; Delaney et al., 2011).

Up to now, various ECL sensors have been reported in the
detection of MAMP such that most of them have utilized tris(2,2’-
bipyridine)ruthenium(ll), Ru(bpy)3*, as a chemiluminescence re-
agent. Changqing’s group was introduced the first electro-
chemiluminetric sensor in MAMP detection in 2005. They applied
tetramethoxysilane (TMOS) and dimethyldimethoxysilane
(DiMe—DiMOS) as co-precursor in the attachment of poly(p-
styrenesulfonate), PSS, to immobilize the Ru(bpy)3* on a GCE sur-
face through ion-association. ECL characterizations of the modified
electrodes with the organically modified silicates (ORMOSILs) were
studied to measure MAMP by applying CV and chronocoulometry
techniques. Based on the electron transfer mechanism between
Ru(bpy)3t and MAMP during the ECL process (Scheme 5), the
MAMP detection was done under a linear range of 0.5—1000 pM
with a LOD of 200 nM (Yi et al., 2005).

Another application of the Ru(bpy)3* reagent in the ECL sensor
has presented by Chen et al. in the MAMP assay. They utilized the
synergistic effect of MWCNTSs and ionic liquid to prepare a suitable
nanocomposite in the immobilization of Ru(bpy)32+. In this
strategy, the ionic liquid as a conductive medium constructed an
unblocked charge-transfer bridge to facilitate the intake of elec-
trons from MWCNTs and Ru(bpy)32+. Additionally, the electro-
static interaction between the inner-sphere Fe(CN)2~/4" couple as
the probe and cation available in the ionic liquid structure improve
the signal. By supporting some unique features such as high sta-
bility and excellent resistance to fouling, the sensor detected MAMP
with a LOD of 8 nM (Dai et al., 2009).

In another ECL sensor for the MAMP tracking, the synergic effect
of the Ru(bpy)32-+-doped SiNPs (Ru-SiNPs) and Nf was applied in
the preparation of a nanocomposite to modify a GCE. The GCE
modified with the Ru-SiNPs/Nf nanocomposite, which is denoted as
a Ru-SiNPs/Nf/GCE, enlarged the active surface area of the electrode
and embedded a fantastic platform for the MAMP oxidation. By
oxidation of the MAMP, an intermediate was produced to react with
Ru(bpy)3*. The sensor analyzed MAMP with a LOD of 26 nM (Cai
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modified electrode and (e) MAMP incubated on aptamer/AuNPs modified electrode and the corresponding Nyquist plot in the ferro/ferricyanide redox probe. (Ebrahimi et al., 2012).

SPE/MWCNTs-Nf

Fig. 15. Modification process of an SPE with the AuNPs, MWCNTs and Nf and AuNPs in the MAMP detection. Reproduced with copyright permission of Elsevier (Rafiee et al., 2015).

et al.,, 2010).

In a different study, an ECL immunosensor was fabricated to
detect MAMP (Fig. 17). Lin et al. used indium tin oxide (ITO) coated
glass covered with AuNPs via (3-aminopropyl)trimethoxysilane
(APTMS) as a linker. The antibody was immobilized on AuNPs on
the embedded ITO surface and luminol was utilized as an ECL agent
to probe the interaction between the antibody and MAMP. The
space hindrance was increased by incubating the MAMP on the
surface, and the corresponding ECL intensity was decreased. The
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sensor detected MAMP under a linear range of
14.26—3.56 x 10° nM with a LOD of 2.14 nM (Jiang et al., 2015).
Table 2 summarizes some sensors that have been reported

electrochemical measuring of the MAMP.

4. Comparing optical and electrochemical sensors in MAMP
detection

As discussed, the optical methods have been severally utilized to
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(Zhang and Liu 2014).
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NHCH,
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Ru(bpy);™_____gm Ru(bpy)s®* + hv

Scheme 5. The interaction of Ru(bpy)3* with MAMP under the ECL process. Reproduced with copyright permission of Elsevier (Yi et al., 2005).

design MAMP sensors. While this sensing approach has presented
great potential in highly sensitive MAMP monitoring, there have
some pros and cons. All the advantages and disadvantages listed for
optical sensors are corrected for the MAMP detection. The optical
methods generally probe some differences created in scattering,
absorbance, photoluminescence and chemiluminescence. They are
chemically inert, immune to electromagnetic interference, suitable
for remote sensing of the MAMP. Despite their benefits, some dis-
advantages include complexity, susceptibility to interference from
environmental effects, or physical damage and require trained
personnel to restrict their application. For example, the intrinsic
fluorescence features of non-target molecules create some prob-
lems, such as background noises and false positives in fluorometric
sensing of the MAMP. The overcoming this issue is needed some
sample pretreatment steps to remove the interference of other
molecules (Abu-Salah et al., 2015). During different years many
attempts have been made to achieve optical MAMP sensing based
on a simple and lightweight device by reliable operation without
the need for trained personnel. Accordingly, various strategies have
been applied based on aptamer, antibody and MIP integrated with
an optical transducer to improve the analytical figures of merit. The
nanomaterial-based optical sensors provide various sensing in-
terfaces coupled with several spectroscopic techniques to present
state-of-the-art sensing systems in MAMP tracking. Although these
sensors have made advances in MAMP screening, their practical
usage has been limited in clinical fields. Most of them are still in the
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initial levels of the principle illustrating (Abu-Salah et al., 2015;
Pashchenko et al., 2018).

Since the electrochemical MAMP sensors rely on a redox reac-
tion on a working electrode surface to produce an applicable
qualitative or quantitative signal, they present some admirable
features in the MAMP detection without any damage to the host
system. This class of sensors with commercialization capability has
specifically detected MAMP under wide linear dynamic range and
low LOD. They are capable of miniaturizing and the experimental
cost-reducing comparing to the optical-based sensor. Because the
electrochemical MAMP sensors do not work based on the solution
color change, unlike fluorometric or colorimetric methods, they are
efficient for analyzing some non-clear samples such as blood.
Additionally, some corresponding interferes of the light source
have no limitation in this method (Abu-Salah et al., 2015). On the
other hand, since the signal position change of anodic/cathodic
peak is easily influenced, some intrinsic restrictions are made in
this sensing strategy. Due to some electrode modifiers being
degradated after several tests, their stability is decreased during the
time. Various receptors such as the antibody, aptamer, or MIP
eliminate some stability problems. The emergence of nano-
materials in the electrode modification process has opened new
prospects in developing diverse strategies for electrochemical
MAMP measurement. The various nanomaterials enhance the
conductivity and surface area to facilitate the MAMP tracking under
arelatively wide potential window in aqueous media with low cost
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Table 2
The electrochemical sensors for MAMP detection.
Method Modifier Range (uM) LOD (nM) Analyzed medium Ref.
Voltammetric (CV) GCE - - Serum, Tablet Garrido et al. (2010)
Voltammetric (CV) Aptamer/AuNPs/Chitosan/GCE - 10 Kohzadi et al. (2016)
Voltammetric (DPV) BDDE 0.07—-80 50 Urine Svorc et al. (2014)
Voltammetric (DPV) PGE 74—-54 x 10° 50 Serum, Urine, Seized  Oghli et al. (2015)
drugs
Voltammetric (DPV) GCE/EDOT-BTDA-Pala/Antibody/MAMP ~ 71.31-713.1 93.20 Saliva, Serum, Urine Demir et al. (2016)
Voltammetric (SWV) SPCE R 2.85 x 1073 Saliva Bartlett et al. (2016)
Voltammetric (FFT-SWV) MIP/MWCNTs-CPE 0.01—-100 0.83 Serum, Urine Akhoundian et al. (2019)
Voltammetric (SWV) GCE/MWCNT/Au-NPs-SH-(CH;)3—Si 0.05—-50 16 Urine (Haghighi et al.)
—Si0,@Fe304
Voltammetric (SWV) CeO,NP/rGO/GCE 25-166.6 8.7 x 10° Plasma Anvari et al. (2021)
Potentiometric PVC-Membrane/NaTFPB - 10* Urine Watanabe et al. (1993)
Impedimetric Aptamer/AuNPs/Au disk electrode - Ebrahimi et al. (2012)
Impedimetric AuNPs/MWCNTs-Nf/SPE 1.15 x 1073 0.3 R Rafiee et al. (2015)
—2.69 x 1072
Impedimetric MAMP-antibody—colloidal Au conjugate 356.55, 0.71, - Yeh et al. (2012)
713 x 1073
Impedimetric ssDNA aptaMAMP - Ebrahimi et al. (2013)
Amperometric SPCE/MAMP-BSA/AP-IgG 1.42—-10.69 - Urine Luangaram et al. (2002)
Amperometric GE/LC/PB/MPS/AuNP/Anti- MAMP 0.01-5 7.5 Serum Zhang and Liu (2014)
Electrochemiluminescence Ru(bpy)3*/Ormosils/GCE 0.5—1000 200 Scout cases Yi et al. (2005)
Electrochemiluminescence Ru(bpy)3*/MWCNTs-ionic liquid 0.01-80 8 Urine Dai et al. (2009)
Electrochemiluminescence GCE/RuSiNPs-Nafion Composite 0.1-10 26 Drugs Cai et al. (2010)
Electrochemiluminescence ITO/APTMS/AuNPs/Anti-MA 14.26-3.56 x 103 2.14 Serum Jiang et al. (2015)
Electrochemiluminescence Ru(bpy)3*/Nafion 50 x 10°6-1000 50 x 1073 Street McGeehan and Dennany
(2016)
Electrochemiluminescence [Ru(bpy)3]%*/ATS system N N Urine Takahashi et al. (2018)

and low background current.

5. Concluding remarks and future perspectives

MAMP, as one of the most commonly misused stimulant drugs

in the world, is a considerable threat to the health of the commu-
nity. This growing worrying phenomenon is a contributing factor in
severe social problems that should seriously be resolved. Since
MAMP usually finds along with other street drugs, so an immediate
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and sensitive MAMP diagnosis in a mixture of stimulant drugs plays
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a critical role in supervision on drug use and acquiescence with
treatment. For the first time, this review discussed how optical and
electrochemical-based approaches are applied to develop efficient
MAMP tracking sensors. The present state of the developed sensors
shows relatively satisfactory progress have been made in this field.
Of course, it is worth mentioning that both optical and electro-
chemical strategies have some pros and cons, but they have
potentially facilitated the accurate MAMP assay. Nearly all MAMP
sensing aspects have highlighted specific approaches due to the
fantastic nanomaterial features. Some innovations have appeared
in nanomaterial-based methods, although it seems clear that this
area is ripe for many additional creative advances. However, the
discussed strategies in this study have presented good benefits in
MAMP recognition individually. As a significant drawback, it is still
a challenge to construct a portable sensor array to analyze a
mixture of several addictive substances. Whether using optical or
electrochemical approaches in new methods for solving problems
in simultaneous measurements of narcotic drugs, this field is
exciting to continue to attract interest for a long time to come.

Nevertheless, this review exhibited various academic proof-of-
concept studies with significant advantages in the MAMP sense.
However, there is still a knowledge gap between researchers and
practitioners concerning constructing a valid sensor in the real
world. The MAMP sensor commercialization for the routine anal-
ysis needs miniaturized devices based on the lab-on-a-chip tech-
nology to reduce the sensor cost for automatized surveillance.
Considering the rapid expansion in the appearance of some mate-
rials as a receptor and integrating them with nanomaterials in the
analytical approaches can be driven remarkable advance in the
fabrication of sensor array to be marketed soon. The development
of sensing devices based on an advanced nanomaterial, which can
make hundreds and even thousands of measurements more rapid
and cost-effective, will become available within the next decade. It
is hoped that some of the provided insights can pave the way for
new strategies in the construction of a cost-effective sensor array to
detect other illicit drugs.
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