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Abstract 

Methamphetamine (MAPA) is one of illicit synthesized drugs that is fabricated in 
clandestine laboratories. It is considered as one of the most harmful drugs spreading 
among youths around the globe, which can cause unpleasant addiction strengthened 
by its euphoric feeling. However, it damages the brain cells and leads to death. In this 
review, the detection of MAPA in various samples, especially from the year 2012 
onwards, with the focus on the last five years. The presented information is in relation 
to up-to-date optical or electrochemical sensors. 

 

Keywords Methamphetamine. Sensors. Voltammetry.  

1. Introduction 

N-methyl-1-phenylpropane-2-amine compound, known as methamphetamine 

(MAPA), is one of the popular illegal drugs worldwide. It was synthesized from 

ephedrine [1, 2]. MAPA is represented by the chemical formula C10H15N (Fig 1), with a 

molecular weight of 149.24 g/mol. MAPA is known by different nomenclature like meth, 

crystal meth and whiz. It has two isomers; dextro (d-) and levo (l-). MAPA is a basic 

drug with pKa of 9.9, so it is usually extracted in basic mediums by organic solvents 

[3]. Although MAPA had been used for the short-term treatment of extravagant obesity 

and hyper-activity disorder, it can cause unpleasant addiction strengthened by its 

euphoric feeling [4]. MAPA found popularity among young people as it stimulates their 

pleasure through rising the liberation of dopamine and serotonin, which worked by 

blocking some receptors in the brain. However, the consumption of higher MAPA 

amounts would result in high blood pressure, breathing difficulty, paranoia, 

uncontrollable violence and death [4-6, 7]. 
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Fig 1. The structure of methamphetamine. 
  

Although, transferring MAPA from mothers to their infants has not been proven 

yet, as it had no correlation with the maternal depression [8]. Some psychotropic 

effects would increase directly or indirectly by the use of MAPA, such as decreased 

driving ability leading to car accidents, extreme violence, spreading contagious 

diseases, simplify sexual assaults, air pollution by the released smoke, reduce the safe 

vegetation and converting it to illegal drug cultivation, the release of MAPA and its 

metabolites into the wastewater affect the water treatment processes and thereby the 

final water [6, 9, 10]. Although MAPA is produced by different approaches, such as 

Leukart and Nagai method [11,12], Phenyl-2-Propanone method [13], Red 

Phosphorus method [14], one pot method [15], it is said to be produced illegally and 

used via different routes; it can be injected, inhaled, smoked or even introduced orally 

to human body [16]. However, the detailed mechanisms of its effect are not well 

understood. Therefore, different studies were conducted to reveal these mechanisms 

and to allocate biomarkers for its possible determination [17]. It is worth noticing that 

some medications used for mitigating symptoms of Parkinson's disease like selegiline 

(SE) can produce l-MAPA as a metabolite upon ingestion. This metabolite should be 

distinguished from people who consume MAPA as illicit drug. Shin et al. studied this 

phenomenon in a urine sample and confirmed that observation by using headspace–

solid phase microextraction (HS-SPME) coupled with gas chromatography–mass 

spectrometry (GC-MS) [18].  

Sensors and chromatographic methods are among analytical methods utilized 

for isolating and detecting MAPA that are presented in bio and non-bio samples. These 

methods were used in many fields, including environmental analysis [19, 20], forensic 

studies and drug identification and quantification [21, 22]. Sensors are miniature 

analytical devices that can determine the presence of analyte species and measure 

their concentration in different media. There are different examples of chemical 

sensors, such as optical, magnetic, thermal and electrochemical sensors. They differ 

in the working mechanism and the type of the measured signal. Sensors consist mainly 

of a recognition element, a transduction element and a signal processor for recording 

8
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the chemical concentration. Different sensors were used for MAPA quantification; all 

aimed at measuring MAPA with high selectivity and sensitivity. The improvement in 

validation parameters was done by modifying the biological receptors, like antibodies 

[23], DNA and enzymes, or by using nano-based materials for modifying electrodes' 

surfaces [24].  

As they are instrumental methods, calibration curves are mandatory to study 

the relationship between different concentrations of MAPA, as standard solutions, and 

the physical properties that are measured by the instrument. From the calibration 

curve, different validation parameters can be extracted, such as the method linearity 

range, limit of detection (LOD) and limit of quantification (LOQ). The way to enhance 

these validation parameters would be through improving the response of the 

instruments or sensors. This could be achieved by better engineering the sensing 

electrodes, as for sensors, or better modification of the phases, as for chromatographic 

methods. Generally, the capability of these analytical methods to detect MAPA can be 

enhanced by the modification of their components; the materials that are employed for 

constructing the sensing electrodes in sensors.  

Stemming from its problems, tremendous work published worldwide is focused 

on finding a reliable fast method for its on-site determination in solid samples and 

human bio-fluids. Among these methods are spectrophotometric, chromatographic 

and electroanalytical techniques. This review wraps together different sensors that 

have been employed for the analysis and quantification of methamphetamine since 

2012. 

Different search sources, such as Scopus, PubMed, Science Direct and 

Google Scholar, were used for the extraction of the review data that were published in 

English language within the time range 2012 until 2025. Almost all the paper types 

were included in the search. The articles were then read individually and added if they 

had relevant relation to the aim of this work, such as the effect of MAPA, MAPA 

extraction, MAPA detection or MAPA quantification. The search was done by using the 

keywords "methamphetamine", "meth", " methamphetamine determination" and " 

methamphetamine extraction". 

2. Reported sample preparation methods 

As the illegal substances enter the human body via different routes, they 

undergo different biological processes in the human organs before ejecting them. 

Therefore, they can be collected from human-based fluids and sewage water. The 

pharmacokinetics journey of MAPA starts from administrating it orally by eating and 

4
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smoking or introducing it to the blood stream by injection. After that, the MAPA 

metabolites, which resulted from MAPA reaction with human organs, would be 

excreted as fluids. These fluids can be urine, oral fluid and blood plasma, from which 

the prominent MAPA-metabolite, or by-products known as amphetamine (APA), or the 

other metabolites like para-hydroxy-MAPA and para-hydroxylation should be detected 

[25,26].  

The exposure to MAPA can be direct (as for the users), and indirect. The latter 

related to people who do not consume MAPA but take it from MAPA users or from the 

contaminated surfaces like ceilings or internal parts of cars [27 – 30]. MAPA could be 

synthesized in clandestine laboratories, and this of course has negative impact on the 

workers, children and their families [31]. Also, MAPA can be transferred by hands and 

clothing from one area to another, so the exposure to contaminated surfaces would be 

possible source for being affected by MAPA [32]. 

MAPA dissolves in some organic solvents like chloroform (CHCl3), ethyl 

acetate (CH3COOC2H5) and diethyl ether (C2H5)2O. So, it is back-extracted without 

loss by using acidic medium. It should be noted that loss during its extraction can occur 

if the procedure includes evaporation due to MAPA volatility. However, the use of 

hydrochloric acid (HCl) or dimethyl formamide (DMF) can minimize or avoid the loss 

process [3]. As it is a volatile compound, gas chromatography (GC) is mostly suitable 

for its analysis [33,34]. 

Usually, MAPA and its metabolites are presented in trace amounts in human-

based samples. The samples must not be directly subjected to analytical instruments 

due to their complex nature. They must be pretreated well for acquiring useful analysis 

data. The purpose of preparing samples is to choose an appropriate route for 

transporting the analyte of interest from the matrix to a suitable analytical technique for 

its analysis. Many factors influence the selection of the preparation method, namely, 

matrix type, properties of the analyte, analyte concentration in the sample, the chosen 

analytical method and the analysis time. The sample preparation has undergone 

persistent development which is mainly based on finding new materials or improving 

the methods used. 

2.1. Extraction methods 

Different techniques were used for MAPA sample pretreatment before the 

analysis by using various analytical methods. These preparation steps include the 

extraction, preconcentration and derivatization. Different extraction methods were 

reported for MAPA extraction, such as electro-membrane extraction (EME), liquid-5
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liquid extraction (LLE), liquid-liquid microextraction (LLME), dispersive liquid-liquid 

microextraction (DLLME), solid phase extraction (SPE), magnetic solid phase 

extraction (MSPE), capillary microextraction (CME), headspace solid phase 

microextraction (HS-SPME) and liquid-phase microextraction (LPME) [35].  

Amongst the extraction methods, EME is simple, rapid, consumes very small 

amounts of solvents (in µL range) and is cost-effective. In EME, MAPA is extracted 

through vacuous membrane filled with an organic solvent that divides the donor phase 

(aqueous medium) from acceptor solution (inside the vacuous membrane) by applying 

electrical potential. Under the influence of the applied potential, charged analytes in 

the donor phase moved to the acceptor solution, then analyzed by gas 

chromatography (GC) or high-performance liquid chromatography (HPLC) [34]. 

As for LLE or LLME, samples are collected by fluid sampling tool, mixed with 

two different solvents to undergo partitioning and then the analyte is transferred to one 

of the solvents, dried from the extractable solvent, then reconstituted by dissolving the 

residue in a suitable solvent or the mobile phase (if chromatographic analysis is 

selected) [36]. The extraction efficiency is affected by the properties of MAPA (solubility 

and pKa), polarity of the solvent, solvent volume, number of extractions, H2O: solvent 

ratio. Radwan et al. studied the extraction efficiency of MAPA by using different 

solvents and found that using alkaline solution having tert-butylmethyl ether (MTBE) 

for extracting MAPA from human urine, then using HCl spiked with propranolol, as 

internal standard, for back-extracting MAPA produced the highest extraction efficiency 

[37]. 

With regard to SPE, two phases are used named as solid phase and liquid 

phase. SPEs are made from different polymers, and has a commercial names like 

Oasis HLB, Isolute SLE+ and Extrabond EB2 cartridges, each of which is made of 

different polymers and has the ability of extracting different drugs at different pH values 

[38]. Sorbents in cartridges comprise the solid phase while the liquid phase is made of 

organic solvents. Different stages presented during SPE, conditioning the adsorbent, 

introducing the sample, the adsorbent wash, the adsorbent dry then eluting the 

analytes. Analytes are extracted with the sorbents then eluted by the liquid solvent. 

Different sorbents were employed in SPE, such as molecularly imprinted polymer [39], 

nano-carbonaceous material [40, 41], and magnetic nanoparticles [42, 43]. Although 

SPE is used by various research groups, its popularity is decreasing due to some 

drawbacks regarding the required high sample volume, time consumption and 

unsatisfactory reduction of matrix effect [44], although loss of MAPA amount may be 

5
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encountered during evaporation process, 0.01% HNO3 dissolved in methanol may be 

used to improve MAPA recovery [45]. However, it is important to select appropriate 

packing material, solvents for washing and elution that are suitable for MAPA, modify 

the SPE components for better extraction, like using 96-well plates [46, 47]. The final 

MAPA extract must be compatible with the applied analytical instrument. 

A cationic exchanger of silica was used as a sorbent in SPE for extraction of 

MAPA from ground and river water samples. Suspended particulate was removed from 

the samples by membrane filter, then exposed to silica exchanger, that had been 

cleaned with alkaline water and placed inside SPE, then the analytes were passed 

through the cartridge and eluted with a mixture of acetone and ethyl acetate. The 

extract was then dried under a stream of nitrogen and reconstituted with 500 µL of the 

mobile phase before subjecting to HPLC-DAD [48]. It was found that when an 

adsorbent is bonded with a single molecule having double opposite charges would 

enhance the selectivity of separating MAPA and muscimol. This occurred during the 

interaction between the drugs and double-zwitterionic SP by using liquid 

chromatography [49]. Hair is used in forensic detection because it is easy to sample, 

has high stability and can contain drugs months after consumption. SPE could also 

extract MAPA from hair samples. The hair samples were acetone-washed, powdered, 

kept at 53 oC soaked in HCl solution overnight and extracted by SPE. Marfey’s reagent 

was then used to derivatized the extract before the chromatographic analysis [50]. 

Recently, GO substrates were coated with different nano-adsorbents like polyaniline 

or Fe3O4/C-nanodots for extracting MAPA from urine samples prior to quantitative 

analysis by liquid chromatographic method [51]. The study illustrated that stacking 

carbon layers would close the active adsorption sites in GO, the problem can be 

overcome by dispersing carbon nanodots through the carbon layers. 

MSPE, involving Fe2O3, used acid-oxidized multiwalled carbon nanotubes 

(MWCNTs) to extract MAPA and ketamine from biological samples. High affinity of the 

drugs towards MWCNTs was observed stemming from the bi-bi stacking interaction 

derived from the aromatic rings, also the functional groups of the drugs surfaces 

provided good chelating sites [52]. The magnetic adsorbent was further improved by 

carbon coating which was then used to extract MAPA from urine sample [53]. The 

combination of MSPE with bio-DLLME enhanced the extraction and pre-concentration 

of MAPA in human urine samples. The use of methanol and rhamnolipid biosurfactant 

as a binary part enables the extraction of MAPA. This binary part has several 

advantages, such as decreasing the interfacial tension and being environmentally 

friendly [54]. Additionally, MSPE was improved by coating the magnetic nanoparticles 

13
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with poly(3-thienylboronic acid. The improved MSPE enables MAPA extraction from 

human urine [42]. Moreover, a nanocomposite of graphene oxide and Fe2O3 was 

utilized for extracting MAPA from human urine [55].  Recently, the nanocomposite was 

used for extracting MAPA from supplements of sport and weigh control. Sample 

solution was treated with tiny amounts of graphene oxide and Fe2O3 then shaken, 

MAPA was extracted withing 3 minutes [43]. 

The combination of different extraction methods would improve the 

preconcentration process. LLE and DLLME were combined. Urine and CH3CN were 

mixed and passed through a column filled with NaCl which caused formation of CH3CN 

droplets in a salting-out effect. These droplets had lower densities with regard to the 

mixture, hence were extracted easily by a syringe then mixed with 1-undecanol. The 

mixture was injected with potassium carbonate (K2CO3) then experienced DLLME. The 

combined extraction techniques had MAPA recoveries up to 108% [56]. Ionic liquids 

like 1-butyl-3-methylimidazolium bis (trifluoromethyl) imide were used for extracting 

MAPA yielding high recoveries [57]. Furthermore, ionic liquid, 1-Octyl-3-

methylimidazolium hexafluorophosphate, and CH3OH were used during the extraction 

process from human urine to eliminate health and environmentally related issues. The 

combination of the extraction method recovered by over 80%. The HPLC showed 

linearity range over very low MAPA concentrations with LOD of 1.7 µg/L [58]. 

As the use of LLE and SPE has some drawbacks, such as analyte loss, 

consuming large solvent volumes and having relatively low precision, the use of SPME 

can overcome these limitations. It also presents useful applications for the extraction 

of volatile compounds from biofluid specimen. The use of different polymeric fibers 

makes it suitable for a variety of biological samples. These fibers could be dodecyl 

sulfate-doped poly-pyrrole (PPy-DS) [59]. As the fibers are non-polar, SPME is mainly 

used with GC. The selectivity and sensitivity of SPME would be improved by 

derivatizing the analyzed compounds. SPME was used for extracting MAPA from the 

air samples. One of the methods used designed unit for generating MAPA vapors, 

which had flow controller and a syringe pump, was linked to a glass chamber. MAPA 

was dissolved in acetonitrile and injected into the system for creating the vapors. 

SPME, which had poly(dimethylsiloxane) (PDMS), was used for sampling MAPA 

vapors before using GC-MS. It was claimed that the recoveries would be enhanced if 

the sampling time was longer than 2 hours or if the pump rate was increased [60]. 

Another modification was adopted in which the holder of SPME fiber was attached to 

a tube, made of stainless steel then coupled to air sampling pump. This adaptation 

was success in collecting MAPA vapors from clandestine laboratories, then vapor were 
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analyzed by GC-MS. No expensive tools were used, and the sampling time was short. 

This method was claimed to be suitable for sampling MAPA indoors, breath, vehicles 

and containers [61].  

CME was proposed by Nair and Miskelly as useful extraction method for MAPA 

vapors produced by vapor dosing system. MAPA vapors in clandestine laboratories 

were collected onto glass filters, that had been coated with PDMS coating, before GC-

MS analysis. It was claimed that the sensitivity of CME is better than SPME one under 

the same sampling conditions [62]. Later one, pentafluorobenzyl chloroformate was 

loaded before sampling to conserve the MAPA concentration for five days after 

sampling. Although the sensitivity of this method exceeded SPME by 60 times, it is not 

used for outdoor sampling yet [63]. Also, the MAPA vapors that are sampled by the 

glass fiber filter can be detected by using LC-MS, provided that samples are desorbed 

in methanol before the analysis. 

2.2. Derivatization methods 

Several chemicals have been used to derivatized MAPA during the sample 

preparation steps to enhance its detection when using chromatographic methods. For 

example, MAPA was derivatized by using a composite having 1,2-naphthoquinone-4-

sulfonate and poly dimethylsiloxane/tetraethylorthosilicate/SiO2 NPs, for spectroscopic 

measurements [64]. Also, MAPA in urine samples was individually derivatized by 

heptafluorobutyric anhydride, pentafluoropropionic anhydride, trifluoroacetic 

anhydride, acetic anhydride (AA) and N-methyl-bis(trifluoroacetamide), before the GC 

analysis [65, 66]. Oxidation and silylation were also used for derivatization [67]. The 

extract having MAPA may be evaporated then treated with trifluoroacetic anhydride 

alone [68], pentafluoropropionic anhydride [69], trifluoroacetic anhydride in ethyl-

acetate [70], pentafluorobenzyl chloroformate or L-N-(trifluoroacetyl)prolyl chloride for 

derivatizing MAPA before GC-MS measurements [63, 71]. When using HPLC, the 

derivatization of MAPA is not usually used unless for the separation of MAPA 

enantiomers by using HPLC-tandem MS which may require derivatization of MAPA to 

reduce the analysis cost, by eliminating the use of chiral columns. In addition, some 

agents like Mosher reagent or Marfey’s reagent were each used for that purpose. 

3. Detection methods 

The scientific publications worldwide have shown huge amounts of work, based 

on using analytical methods, conducted to determine MAPA and its metabolites in 

various samples. Some scholars claimed the ability to determine MAPA in seized 

samples by using chloride test [72]. The current work focuses on the electroanalytical 
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and chromatographic methods, their working mechanism would be briefly explained 

as well as the validation parameters like the method linearity range, limit of detection 

(LOD) and limit of quantification (LOQ).  

3.1. Sensors 

Sensors are relatively simple, easy, and consume relatively less amounts of 

reagents when compared to many analytical methods. Sensors found applications in 

drug detection in various sample types. Selecting a suitable sensor is influenced by 

some factors, such as selectivity (the prime importance), sensitivity level and the matrix 

nature. Analytes can bind to the recognition elements in biological receptors part of 

biosensors [73]. To achieve excellent selectivity, the sensor must be able to 

discriminate between the analyte and other chemicals present in the matrix. The 

selectivity can be enhanced by integrating molecularly imprinted polymer (MIP), or 

molecular recognition element, like aptamer, which is derived from DNA, that would 

create a signal upon binding with the analytes [74]. Also, the use of nanomaterials 

would improve the selectivity and sensitivity of the biosensors [75]. Sensors can be 

fabricated onto paper or flexible substrates at small scale which make them favorable 

for in-field detection process. In this instance, the concentrations of different drugs 

were determined by using colorimetric sessor fabricated onto test paper. The color's 

shade produced was processed by a digital camera, which facilitates its on-site 

analysis [64]. 

Nowadays, smartphones are equipped with large computing power and are 

capable to assist the on-site drug detection applications. In this instance, Krauss et al. 

used smartphones to identify the color changes of images taken during the detection 

process, for defining the threshold values of different chemicals like MAPA [76]. 

Although Guo et al. fabricated smartphone-based fluorescent sensor which relay on 

antibody-antigen binding for ketamine fluorescence [77], Fan et al. designed dyed 

nanobead matrix with oil soluble dyes, widely applied to prepare NPs-based lateral 

flow immunoassay strips that enable the MAPA sensing with naked eyes, and obtained 

LOD of 8 µg/L [78].  

To simplify the flow of this work, these sensors are divided into optical and 

electrochemical ones. Optically, they can be fluorometric, colorimetric or 

chemiluminometric sensors. Electrochemically, MAPA was detected by using many 

electroanalytical methods based on voltammetry and its derivatives (Table 1 and Table 

2).  

3.1.1. Optical sensors 

4
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They operate by measuring the changes in optical features, like absorbance or 

fluorescence, that resulted from biochemical reactions between the discrimination 

element and the target analyte. These biosensors excel in remarkable sensibility and 

label-free sensing. The detection mechanism of optical sensors is based on the 

interaction between MAPA and the light from UV-Vis or fluorescent sources; light 

absorption is measured by UV-Vis spectrophotometry whereas the emitted light after 

excitation is measured by fluorescence spectroscopy. 

3.1.1.1. Fluorometric sensors (FLS) 

He et al. proposed the first fluorometric sensor for detecting MAPA in which the 

fluorescent (FL) probe composed of amine side of a polyfluorene was used. This 

produced LOD of 26.6 µg/L [79]. Three different polymers, (poly[(9,9-dioctylfluorenyl-

2,7 -diyl)-alt(2,1,3-benzothiadiazole-4,7-diyl)]), (poly[(9,9-dioctylfluorenyl-2,7-diyl)-

alt(2,1,3-benzooxadiazole-4,7-diyl)])and (poly[(9,9-dioctylfluorenyl-2,7-diyl)-

alt(quinoxaline-5,8-diyl)]) denoted as P1, P2 and P3, respectively, were used for 

studying MAPA vapors. The highest selectivity and sensitivity were observed when 

using P1 polymer, yielding 191 µg/L as LOD [80].  

The use of nanotechnology has positively impacted the performance of these 

sensors. For instance, silica (SiO2) nanoparticles (NPs) were used for doping 1,8-

naphthalimide-thiophene before using the doped material for sensing MAPA. The 

thiophene part of the sensor binds to the amine part of MAPA, lowering the effect of 

internal heavy atom and improving the FL signal, this was confirmed in a linear 

concentration range of 0.99 × 103 – 40.29 × 103 µg/L [81]. Moreover, quantum dots 

(QDs) were demonstrated to have viable properties, such as narrow emission, broad 

absorption wavelengths and biocompatibility [82-84]. Following that, MAPA was 

sensed by bioreceptor that is based on CdS QDs. An antibody of MAPA was 

immobilized onto a platform of CdS QDs as the receptor. The QDs were capped with 

mercapto-acetic acid with the assistance of coupling agents (N-ethyl-N0-(3-

dimethylaminopropyl carbodiimide) and sulfo-N-hydroxysuccinimide. The improved 

immunosensor had high selectivity, even in the presence of other drugs, sensed MAPA 

with LOD of 118 µg/L [85]. Another example of QDs is graphene QDs which have 

remarkable optical features and biocompatibility [86]. 

Although the immunosensors showed remarkable advantages, they suffer from 

some drawbacks in terms of cost and durability. Hence, other receptors like 

molecularly imprinted polymers (MIP) were proposed as alternative binding sites 

template due to their lower cost, ease of fabrication, high selectivity and being re-

1

1
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usable to eliminate the already mentioned problems [87]. Detecting MAPA in blood 

serum or plasma is challenging due to blood matrix effect that resulted from MAPA 

interaction with blood chemicals. Forensic and toxicology demand improving the 

sensors' selectivity and sensitivity, this to detect MAPA at low concentrations. In 

response to that, graphene QDs were combined with MIP to couple their advantages 

in terms of the enhanced surface area and the conductivity, this combination was used 

to amplify the MAPA sensing signal. The composite structure showed high selectivity 

towards MAPA, as MAPA was able to quench the FL signal whereas other presented 

drugs could not. MAPA was detected as low as 1.7 µg/L [88]. Following similar 

approach, carbon QDs were immobilized onto SiO2 to fabricate a fluorescent probe 

which detected MAPA [89]. Another approach was reported by Goulding et al. who 

introduced a complex of nano-MIP beacons/aptamer for detecting MAPA in human 

urine and serum samples. The use of theses beacons showed remarkable quenching 

for MAPA that improved MAPA detection among other drugs presented in forensic 

samples [90]. 

Another solution to overcome the limitations of immunosensors is by adopting 

a single strand of DNA or RNA, known as aptamer which has high selectivity towards 

targeted analyte. The biosensor found applications in determining MAPA, carbon QDs 

were fabricated as donors whereas cobalt oxyhydroxide as acceptor. The FL of carbon 

dots was quenched upon the interaction of donor and acceptor [91]. Also, CdTe QDs 

were used in biosensors for MAPA detection with LOD down to 60.20 ± 1.56 × 10-4 

µg/L [92]. Furthermore, a non-invasive optical sensor for detecting MAPA and cocaine 

by using rhodamine B-labelled polymer bodies was developed by Hichem et al. [93], 

and reported LOD of 0.37 ng/mL and 0.49 ng/mL for MAPA and cocaine, respectively 

from saliva samples. 

Fluorescent sensors can also detect drugs, like MAPA, that are volatilized and 

presented in air as vapors, this facilitates non-invasive detection. Different optical 

approaches were adopted for detecting MAPA in vapors, like work reported by Li et al. 

[94] and Liu et al. [95]. In Li et al. work, a fluorescent polymer probe was attached to 

UV-ozone treated substrate which enabled the detection of methylphenethylamine with 

LOD of 25 × 10-2 µg/L [94]. Liu et al. utilized perylene bisimide derivatives for 

fluorescent sensing many illicit drugs. MAPA vapors were diluted thousand times by 

the air, and the sensor could still detect MAPA presence with little effect from the 

odorous substances [95]. Unlike previous approach, Zhang et al. followed a chemical 

approach for constructing a sensor based on conductivity. MAPA was detected by 

16
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carbon nanotubes-functionalized Poly[3-(6-carboxyhexyl)thiophene-2,5-diyl)], that is 

sensitive to amine vapors, with LOD of 4 µg/L [96]. 

 

3.1.1.2. Colorimetric sensors (CS) 

In colorimetry, the compounds of interest are made colorful by using specific 

reagents to make them easily detectable. These sensors are simple, cost-effective and 

use spectrometer for analytes' measurements [97]. However, the reliability of these 

sensors may be affected by the contamination and the interference of the matrices. 

Their performance can be advanced by different strategies, one of which is by 

employing nanostructures like metals nanoparticles (NPs). The manipulation of the 

NPs size can alter the optical properties. The surface plasmon band can be shifted by 

altering the interparticle plasmon coupling. The dispersion and aggregation of NPs 

influence the NPs color [98]. Another strategy is by using a mixture of 1,2 -

naphthoquinone-4-sulfonate and poly dimethylsiloxane/tetraethylorthosilicate/SiO2 

NPs as a composite for the MAPA detection and other drugs. All analytes were 

derivatized by the composite yielding colors that assisted their spectrophotometric 

determination in street samples [64]. 

Owing to their remarkable features, such as low LOD, specificity and good 

adaptability of DNA nucleic acid aptamer, colorimetric sensors used aptamer 

decorated with gold NPs in which the presence or absence of MAPA changed the 

aptamer structure. Also, the NPs' color was bleached based on the dispersion and 

aggregation processes. MAPA was quantified as low as µM range [99]. MAPA was 

determined in human urine by aptasensor linked to unmodified gold NPs. The 

aggregation of the unmodified NPs induced by salt resulted in changing the solution's 

color from red to blue, which was the basis of detecting MAPA as low as 122 µg/L 

[100]. 

Magnetic beads (MBs) were combined with aptasensor and NPs for detecting 

MAPA and cocaine simultaneously. Gold@silver NPs core shells were coated with a 

single stranded DNA as aptamer. The absence of the analytes did not cause a color 

change; however, their presence created a competition for the aptamer to bind with 

the analytes and emit a color accordingly [101]. In another strategy, MAPA and cocaine 

were simultaneously detected in spiked wastewater. Reporter probes (RPs) were 

fabricated by functionalizing the synthesized Au NPs and Au@Ag NPs with DNA. The 

two drugs were detected by two capture probes (CPs) that had been coupled with 

magnetic beads (MBs). The two drugs underwent DNA-DNA hybridization with 
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individual RP and CP in folded structure, which then unfolded by applying external 

magnetic field. The presence of each drug, which has high affinity towards the 

aptamer, in the solution dismantles the structure and changes the supernatant color 

[102]. MAPA and APA were determined by DNA aptamer sensor modified with a 

combination of GO, cetyltrimethylammonium bromide (CTAB) gold NPs. Stemming 

from its catalytic properties, hemin was used for amplification. The method had LOD 

of 28.6 µg/L and 34.1 µg/L for MAPA and APA, respectively [103]. Bastami et al. 

showed that the addition of small amounts of Cu, during the ultrasonic irradiation, for 

the synthesis of Ag NPs improved the resulted chemosensor's sensitivity towards 

MAPA and morphine (MOR) in the analysis of street samples, this was seen by the 

color change from light yellow, in the absence of drugs, to dark orange color in their 

presence [104].  

3.1.1.3. Chemiluminometric sensors (CLS) 

Some oxidation-reduction reactions involve several steps, during which a 

luminescence emitted light is produced creating chemiluminescence (CL) process. 

The CLS differs from CS and FLS in having low background interferences [105, 106]. 

As MAPA would interact with the blood matrix, hence influencing analysis signals when 

working on blood serum or plasma, mitigating these interferences is vital for the 

analysis. A portable chemiluminescent fiber-based sensor is developed to enhance 

MAPA sensing in linear response range of 0.001 – 0.3 µg/mL with LOD to 5 × 10-4 

µg/mL [107]. 

A combination of CTAB, rhodamine B (R-B), L-cysteine capped with QDs of 

CdS was used for fabricating a sensor established on FL and CL methods. The 

intensities of emission of both CL and FL, which resulted from the reaction between 

MAPA and RhoB-CTAB-KMnO4, were monitored by CdS QDs. The CL emission and 

FL emission of CdS CQs were linear over 26.56 – 133 µg/L and 7.16 – 425 µg/L, 

respectively [108]. 

Table 1. A survey of some optical sensors employed for the determination of 
methamphetamine. 

Detection method Electrode Sampl
e 

Linear 
range 
(µg/L) 

Detectio
n limit 
(µg/L) 

Re
f 

Fluorimetry SiO2@CQDs@mesoporo
us-MIPs 

Huma
n urine 
and 
blood  

746 – 
37.31 
× 103  

238  89 
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Fluorimetry Aptasensor Huma
n 
blood  

0.746 
–23  

149  91 

Fluorimetry Modified aptasensor Huma
n 
blood 
plasm
a and 
urine 

1.99 ± 
0.37 × 
10-2 –
18.5 ± 
1.0 

6.02 ± 
0.15 × 
10-3  

92 

Colorimetry Modified aptasensor Huma
n urine 

298 – 
1.49 × 
103   

122  10
0 

Colorimetry Modified aptasensor Huma
n urine 

0.07 – 
29  

0.014  10
1 

Colorimetry   0 – 50 
× 103  
(MOR) 
0 – 
100 × 
103 
(MAPA
) 

0.21 × 
103  
(MOR) 
0.49 × 
103  
(MAPA) 

10
4 

Chemiluminescen
ce 

NR Huma
n urine 

6.7 – 
400 
(FLS) 
25 × 
10-2 – 
125 
(CLS) 

86 × 10-

3 (CLS) 
10
8 

 

Although optical sensors are non-invasive, have high sensitivity, able to detect 

low MAPA concentration, they are affected by complex sample matrices and need 

frequent calibrations. Moreover, delicate instrumentation is required for their operation, 

which needs cost consideration when utilizing these methods. 

3.1.2. Electrochemical sensors  

The detection of MAPA by electrochemical methods is mainly based on 

voltammetry-derived techniques. In voltammetry, a working electrode is subjected to a 

single or varied potential. This potential is to oxidize or reduce the analyte species 

which can be observed on a voltammogram. The electrochemical measurements are 

made in certain mediums that have electrolyte support. The choice of the used 

mediums is affected by some physical properties of the targeted drugs. The sensing 

property in this type of sensors is affected by the immobilization of the receptors onto 

the electrode surface. This is as the analyte would be attracted to the electrode surface 

hence electrode interface engineering is of prime importance. Some catching agents 
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like MIP, aptamer and antibodies can sense the MAPA and they should be stable onto 

the sensing electrodes [109-112]. 

 As already mentioned, MAPA can be detected by many electroanalytical 

sensors. These are voltametric, potentiometric, amperometric and impedimetric 

sensors. The voltametric sensors operate by cyclic voltammetry (CV), differential pulse 

voltammetry (DPV), square wave voltammetry (SWV), fourier-transform square-wave 

voltammetry (FFT-SWV), square wave stripping voltammetry (SWSV) techniques. 

Analytes were sensed by various modified and unmodified electrodes, such as glassy 

carbon electrode (GCE), carbon paste electrode (CPE), screen-printed electrode 

(SPE), screen-printed carbon electrode (SPCE), boron-doped diamond electrode 

(BDDE), carbon nanotubes (CNTs), pencil graphite electrode (PGE) and gold disk 

electrode (GDE). Samples of using these electrodes and electroanalytical methods are 

presented (Table 2.).  

CV is a simple electrochemical technique which is usually used for studying 

oxidation-reduction reactions and kinetics parameters of the analytes' sensing 

electrodes. Although it provides useful information regarding redox reactions, it is not 

as sensitive as other electroanalytical methods [113, 114]. Gold NPs and chitosan 

were blended together to form a nanocomposite for aptasensor which is used for 

detecting MAPA. The NPs improved the chitosan stability. The CV measurement 

determined MAPA in which the peak current of the electrochemical probe, 

ferro/ferricyanide, changed indicating capability to determine MAPA with LOD of 1.49 

µg/L [115]. Compared to CV, DPV is more sensitive due to lowered background current 

as the sensing current is measured at each applied pulse. DPV is derived from 

staircase voltammetry or linear sweep voltammetry. In DPV, a series of voltage pulses 

is superimposed onto increased potential of stairsteps or linear sweep voltage, then 

the produced current is measured just after or before every pulse. The literature 

witnessed the use of DPV more than the other electrochemical methods. 

BDDE was employed for studying MAPA in basic medium of Britton-Robinson 

buffer (BRB) in which the MAPA oxidation peak, by DPV measurement, was observed 

at 1.23 ×103 mV against silver/silver chloride (Ag/AgCl) reference electrode. The 

MAPA oxidation mechanism was proposed as 2 protons/2 electrons [116]. 

Another electroanalytical sensor based on PGE was fabricated by Oghli et al. 

to determine MAPA. The presence of oxygen in the functional groups improved the 

PGE surface and enhanced the electrochemical activity of PGE, which was studied by 

DPV. MAPA was detected in human-based samples at very low concentrations [117]. 

2
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SPCE was used for detecting MAPA due to its improved attributes over classical PGE 

and GCE like larger surface area and µL solution capacity. The determination process 

was run by SWV. Moreover, MAPA was determined in human saliva by SPCE, as 

sensing electrode, and N,N0-(1,4-phenylene)-dibenzenesulfonamide, as intermediate. 

The SPCE surface experienced interaction between the oxidized mediator and MAPA. 

The SWV measurement detected MAPA within 60 seconds and had LOD of 192 µg/L 

[118]. 

The modification of CPE with MIP/multi walled (MW) CNTs composite was 

demonstrated as a good sensor for detecting MAPA. The FFT-SWV measurement 

showed an oxidation of the secondary amine of MAPA at 1 V. The sensor displayed 

large resistance to interference during π-π stacking interactions between the 

molecules of interest and the template molecules. The method showed a linear 

response for concentrations 1.49 – 14.92 × 103 µg/L [88]. This performance is due to 

remarkable properties of CNTs, such as large surface-to-volume ratio, high durability 

under thermal and chemical conditions and high electron transfer [119].  

A sensor for detecting MAPA was fabricated by immobilizing antibody onto 

GCE that had been modified by fluorescent-labeled polypeptide. This sensor 

determined MAPA in spiked human samples by DPV with LOD of 13.91 × 103 µg/L 

[120]. Another modification of GCE was applied by using Nafion-[Ru(bpy)3]2+ for MAPA 

detection in oral fluids and obtained a LOD of 10 µM [121], whereas LOD of 20 nM 

was obtained by Xie et al. [122], and lower LOD down to 72 × 10-2 µg/L was achieved 

[123]. Conversely, the use of optical sensors for detecting MAPA produced low LODs 

like 9.7 µg/L [124] ,and 50 × 10-2 µg/L [107]. 

Moreover, MWCNTs amine-functionalized decorated with Au NPs were used 

in combination with SiO2@Fe3O4 to modify GCE. This is to overcome weak oxidation 

of bare GCE surface and produce well-defined anodic peak. Electron transfer between 

MAPA and MWCNTs was assisted by the use of SiO2@Fe3O4. The SWV 

measurement showed the electrochemical mechanism to be controlled by diffusion 

[125]. Reduced graphene oxide (rGO) was decorated with CeO2 NPs, then used for 

modifying GCE. The sensor screened MAPA with minimized overpotential and had 

good peak current when compared to bare GCE. The oxidation process of MAPA was 

proposed to be 2 electrons/2 protons [126].  

Riahifar et al. modified GCE by Fe3O4@poly pyrrole core-shell and rGO then 

used it to detect MAPA in urine and blood samples. The determination was conducted 

in slightly basic medium of Britton Robinson buffer solution [127]. 

6
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The combination of flexible substrate and conductive Ag nanoparticles 

attracted the attention of Anzar et al. for fabricating a wearable glove-base sensor for 

on-site use [128]. Latex gloves were printed with methyl aptamers were immobilized 

onto AgNPs modified electrode. Operating the sensor at 30 oC showed the optimal 

signal amplitude, beyond that temperature the performance of the sensor decreases 

which may hinder its use in very hot areas. The same group used Ag and ZnO as 

nanocomposite for decorating paper-based electrodes [129]. A MAPA's binding 

aptamer with a sequence of ACG GTT GCA AGT GGG ACT CTG GTA GGC TGG 

GTT AAT TTG G was attached to the electrode surface with a mean of Ag and ZnO 

nanocomposite. The sensor, having the structure of MAPA/Aptamer/Ag-ZnO 

nanocomposite/paper-based substrate, showed optimal current response at 35 oC. 

Further improvement was shown in modifying a paper-based multiplex analytical 

device, used for detecting MAPA and other illicit drugs in beverages, with Ag NPs and 

specific-drug aptamer [130]. Duan et al. electropolymerized polyarginine membrane 

onto GCE to increase the reaction sites for MAPA, this improved the electrode's 

selectivity towards MAPA in human hair and urine samples [131].  

3.1.2.1. Potentiometric and amperometric sensors 

As for potentiometric sensors, there is no flow of current, zero current, and the 

working mechanism is affected by the electrode potential. Upon immersing indicator 

electrodes, like ion-selective electrodes ISEs, and reference electrodes in an analyte 

solution, the concentration of the ions that are presented in a solution is determined by 

the potential difference that exists between the two electrodes, so the potential 

difference is proportional to the ion concentration. The ISEs have a selective 

membrane which includes ionophore for sensing ions of interest, plasticizer and 

poly(vinyl chloride) (PVC). The modification of the ISEs components would improve 

the analytical performance. There is no study, up to our knowledge, published in the 

last ten years regarding this type of sensor, although it is a simple method and does 

not demand tricky sample preparation. A relatively old demonstration of this sensor for 

detecting MAPA dated back to 1993. In that work, PVC electrode was modified with 

an ion exchanger, sodium tetrak[3,5-bis(trifluoromethyl)phenyl]borate. The 

potentiometric study conducted on human urine showed MAPA's LOD of 1.492 × 103 

µg/L [132].  

Contrary to the potentiometric sensors, amperometric sensors operate at zero 

voltage while electrochemical reactions produce electric current. Thus, amperometry 

detects ions in solutions based on measuring the electrical current or the changes in 

10
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the electrical current. Amperometric sensors have high sensitivity over wider linearity 

of concentration ranges [133]. There is limited publication associated with 

amperometric sensors for MAPA detection. Back to 2014, a gold electrode was 

modified by several components in the order of L-cystine (LC), Prussian blue (PB), 

nano-Au and (3-mercaptorpropyl) trimethoxysilane (MPS). The current signal was 

enhanced by PB as it reduced hydrogen peroxide (H2O2) [134]. 

3.1.2.2. Impedimetric sensors 

Regarding impedimetric sensors, they are more complicated than the already 

mentioned sensors, however, they can provide very useful insights regarding the 

characterization of the electrode double layer, the transfer of charges and the 

electrodes' kinetics by employing impedance spectroscopy (EIS) [135]. Yeh et al. 

developed an impedimetric sensor for MAPA determination by constructing a bridge 

for the electron transfer between two electrodes. The bridge was made by coupling 

gold NPs with an antibody. This construction led to LOD of 100 µg/L for MAPA 

determination [136]. 

Ya et al. modified gold electrode by incorporating 3-mercaptopropionic acid, as 

self-assembly modifier, then activated by 1-ethyl-3-(3-dimethylaminoprophyl) 

carbodiimide /n-hydroxysulfsuccinimide. The sensor completed by immobilizing MAPA 

antibody onto the surface of modified electrode for determining MAPA in spiked human 

blood [137]. Gold electrodes were immobilized with different aptamer sequences 

through Au-thiol affinity. The composition was electrochemically evaluated by CV, DPV 

and EIS and the best sequence had the capability to determine MAPA as low as 467 

× 10-3 µg/L [23]. 

By combining the properties of nanotechnology and aptamer-detection, an 

impedimetric sensor is developed for determining MAPA. The MAPA was captured by 

the aptamer that had been adhered onto GCE by gold NPs [138]. Interferences during 

charge transfer were minimized due to the incubation of MAPA onto the surface of the 

aptasensor, which improved the MAPA detection [138]. Recently, Anvari et al. 

decorated rGO with CeO2 NPs then used it to modify GCE for MAPA detection in 

spiked urine samples. The aptasensor performance is evaluated by EIS measurement 

in the presence of ferro/ferricyanide redox probe which exhibited LOD of 0.023 µg/L 

[139]. Khorablou et al. decorated carbon nano-onions with Ag nano-dendrites then 

coated it onto GCE for MAPA in human urine and blood samples. The use of this nano-

shape of C or Ag would elevate catalytic efficiency and well-adhered onto GCE surface 

enabling coating more layers, this created more efficient sensing interface [140]. 
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Another impedimetric sensor was made by modifying SPE electrode with 

MWCNTs-nafion and gold NPs. MAPA was adsorbed onto the modified electrode, and 

the electrochemical study was conducted by using EIS and SWSV which exhibited 

LOD down to nM [141]. The surface of SPE electrode was modified by iono-gel 

(mixture of hydrogel and ionic liquid) and particular antibodies for the determination of 

MAPA in human saliva with LOD of 72 × 10-2 µg/L [123]. A 3-sensor array made of 

different carbon-based SPEs, modified with MWCNTs and graphite and graphene, was 

employed for qualitative analysis of some illicit drugs, among which is MAPA. The SWV 

analysis for each modified electrode showed a single oxidation peak when used for 

each individual drug, i.e. MAPA had oxidation peaks of 700 mV, 900 mV and 650 mV 

when using electrodes modified with MWCNTs and graphite and graphene, 

respectively, against a pseudo-silver reference electrode [142]. This allows their fast 

qualitative analysis in street samples. 

The use of aptamers as recognition units, alone or doped, in biosensors for 

binding target molecules is widely reported. A study claimed the detection of MAPA by 

using aptamer sensor without exogenous reagents. The aptamer sequence was 

truncated to be in unfolded state. A conformation change occurred upon binding MAPA 

on the aptamer which lowered the electrical signal. MAPA was detected in different 

biofluids, and the method had LOD of 7.46 µg/L of MAPA in urine sample [122]. The 

signal of the aptamer sensor could be amplified by atom transfer radical 

polymerization. In this, the sensing electrode was coated with azide-modified DNA and 

MAPA aptamer. The MAPA was detected in urine and blood samples. The method 

showed linearity in 0.149 × 10-3 – 14 µg/L with 2.54 × 10-6 µg/L as LOD [143]. Moreover, 

graphene electrode was used for MAPA determination in human saliva and in 

household surfaces. The graphene electrode was induced by CO2 laser, in which a 

laminating film of polyethylene terephthalate (PET) was used for extracting carbon 

from Kapton tape. The fabricated modified graphene electrode was used for detecting 

MAPA in a portable sensor [144]. Another study reported the use of modified 

electrodes for residual MAPA contamination on different household surfaces, like 

glass, wood and plastic. GCEs were modified by different carbon-based material, 

among which electrodes modified with GO were applied for the MAPA determination 

in household. The DPV showed LOD of 45 µg/L [145]. Liu reported that modifying 

GCEs with GO-Au NPs composite could detect MAPA in spiked urine samples down 

to 22.38 × 10-3 µg/L [146]. Liu showed that modifying GCE with GO reduced the peak 

current, due to the repulsion between negatively-charged GO sheets and the redox 

solution. Therefore, GO were decorated with Au NPs to assist transferring electrons 
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between the electrode surface and the redox solution, which enhanced the peak 

current. The aptasensor showed 90% recovery of its response after being stored at 4 

oC for 30 days. 

Melo et al. illustrates the benefits of combining colorimetric and electrochemical 

methods for detecting MAPA in forensic samples. MAPA was proven by Simons's test, 

in which the MAPA color changed from pink to purple, this is followed by subsequent 

electrochemical confirmation [147].  

Table 2. A survey of some electroanalytical techniques employed for the 
determination of methamphetamine. 

Detection 
method 

Electrode Sample Linear 
range 
(µg/L) 

LOD 
(µg/L) 

Ref. 

DPV BDDE  Human 
urine and 
serum 

10 – 
11.93 × 
103  

7  116 

DPV PGE Human 
urine and 
blood 

11 – 8.06 
× 103 

7  117 

DPV Modified GCE Human 
saliva, 
urine and 
blood 

 10.64 × 
106 – 
106.42 × 
106 

13.91 
× 103 

120 

 FFT-SWV  Modified CPE  Human 
urine and 
serum 

 1.49 – 
14.92 × 
103 

0.12  87 

 SWV  Modified GCE  Human 
urine 

 7.46 – 
7.46 × 103 

 2.38  125 

SWV  Modified GCE Human 
plasma 

3.73 × 103 
– 24.77 × 
103  

1.29 × 
103 

126 

SWV  Modified GCE Human 
urine and 
blood 

0.746 – 
29.85 × 
103 

0.1  127 

Amperometry Modified gold 
electrode 

Spiked 
bovine 
serum 

1.49 – 
0.74 × 103 

1.12  134 

SWSV Modified SPE NR 2.98 – 
14.9 and 
0.44 × 103 
– 7.46 × 
103 

0.895 141 

EIS Modified SPE NR 1.72 – 
4.01 

4.48 × 
10-2 

141 

EIS Modified GCE Spiked 
urine 
samples 

7.46 × 10-

2 – 40 
2.39 × 
10-2  

139 

Electrochemical Modified aptamer 
sensor 

Human 
urine and 
blood 

1.49 × 10-

4 – 10  
2.54 × 
10-6  

143 
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Electrochemical  Modified 
graphene 
electrode 

Saliva and 
household 
surfaces 

0.14 × 103 
– 4.48 × 
103 

40 144 

DPV Gold SPE Human 
saliva 

5 – 1000  0.56  123 

SWV Graphite SPE On-site 
analysis of 
cargos 

7.46 × 103 
– 373 × 
103   

2.49 × 
103 

148 

DPV Modified gold 
electrode 

Spiked 
urine 

0.1 – 50 467 × 
10-3  

23 

DPV Modified GCE Household 
surfaces 

0.14 × 103 
– 5.96 × 
103 and 
5.96 × 103 
– 17.91 × 
103 

50 145 

DPV Modified GCE Human 
urine and 
blood 

14.77 – 
1120 and 
1120 – 
8940 

4.48 140 

Electrochemical Glove substrate 
modified with Ag 
nanoparticles 

Spiked 
beverages 

0.01 × 103 
– 5 × 103  

0.1 × 
103  

128 

Electrochemical Paper substrate 
modified with Ag 
and ZnO 
nanocomposite 

Spiked 
beverages 

0.01 × 103 
– 6 × 103  

0.1 × 
103   

129 

CV and EIS GCE modified 
with  

Spiked 
urine 

0.074 – 
74.62 

1.5 × 
10-4    

146 

AdSDPV 3D-printed 
graphite/polylactic 
acid electrode 

Forensic 
samples 

149.24 – 
11.19  

14.92 147 

CV Modified GCE Human 
hair and 
urine 

1.49 × 102 
– 
5.22 × 102 

5.22 131 

 

Despite having various inherent advantages, such as high specificity and 

sensitivity, cost-effective, wide measuring range, easy to transport, are ideal for real-

time monitoring, electrochemical methods may suffer from interferences from complex 

matrices, and the need for meticulous calibration of the electrodes frequently due to 

electrodes' fouling problems. Moreover, selective receptors are required for modifying 

the sensing electrodes to enhance specificity towards the analyte of interest. Following 

this, a layer of complication is added to their utility.  

4. Conclusion and future viewpoint 

For many decades, there have been tremendous number of articles in relation 

to MAPA spread, effect and its determination and quantification. The 

methamphetamine was proven to badly affect the world communities due to its ease 
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synthesis which makes locating its manufacturing sites difficult. Also, this drug causes 

serious health and social problems. Due to its presence with other street drugs, its 

determination in various samples found interest by using different analytical methods. 

The current work emphasized the use of different optical and electrochemical sensors 

and some chromatographic methods for its analysis. Chromatographic methods are 

preferable over other methods due to their ability to quantify very trace concentrations 

of the analytes but they are bulky, require tedious sample preparation, use large 

amounts of solvents; that are usually not environmentally friendly, time consuming and 

need special care and maintenance. Also, they cannot be easily converted into 

portable kits which may not attract the investment companies. On the other hand, 

sensors would be suitable for the methamphetamine determination due to their simple 

fabrication, relatively lower cost, minimum solvent usage and easily made portable. 

The analysis of MAPA by GC can be enhanced by the use of graphene oxide (GO) in 

SPE or EME, this is as GO's surface can interact directly with MAPA. Sensors are 

relatively new compared to chromatographic methods, so there is still room for their 

improvement by manipulating the properties of the constituents of the sensing 

electrodes by coupling the nanomaterials with the receptors, also by further reduction 

of sensors' cost through lab-on-chip technology. Additionally, the utilization of some 

environmentally friendly products like paper and cotton, as sorptive phases or in 

SPME, would conserve the environment.  

Overall, there still a need for developing reliable, portable or wearable analytical 

devices for on-site determination of MAPA alone or in combination with other street 

drugs, particularly if they presented in liquid phase. 
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